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This study is part of a continuing effort to design
a tracking system for use in a ground based laser system
under development by the Air Force Weapons Laboratory.
A correlator/Kalman filter which uses infrared sensor
data was synthesized and tested.

I wish to express my appreciation to my thesis
advisor, Dr. Peter S. Maybeck, for his expert guidance
and enthusiastic support during this project.
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Abstract

ster the past four years considerable work has been
accomplished at the Air Force Institute of Technology to
improve the tracking capability of the high energy laser
weapon against airborne targets. In this research, many
of the prior concepts are incorpo;ated into a correlator/
Kalman filter to develop a tracker capable of providing
precise target position estimates in a dynamic short-
range environment using a Forward Looking Infrared sensor
(FLIR) to provide measurement data. Digital signal
processing is employed on the FLIR data to identify the
underlying target intensity shape function when the target
under consideration has either single or multiple‘ehot
spoEEfi The estimated target shape function is then used
as the template in a correlation algorithm, where spatial
and frequency domain correlation techniques were explored,
to determine the offsets between the template and the
incoming measurement. These offsets are used as ’
"pseudomeasqrements" in a linear Kalman filter which
exploits knowledge of the process dynamics and statistical
knowledge of the correlator errors to enhance the position
estimates.
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ENHANCED TRACKING OF AIRBORNE TARGETS
USING A CORRELATOR/KALMAN FILTER

I. Introduction

The rapid growth in laser technology since the early
1960's has led researchers in a wide variety of disciplines
to investigate possible applications of this device. The
unique characteristics of the laser make it a highly
desirable weapon system, with one prospective military
application involving the use of laser energy to destroy
airborne targets (1:14-17, 2:16-19). Since the directed
energy is transmitted at the speed of light from the
source to its destination, the energy arrives at the
target almost instantaneously, eliminating the need

!’1 for lead computation. Additionally, the laser can
i potentially deposit large amounts of energy on a target
in a short period of time, thereby destroying or disabling
the target without firing an expensive missile for? each
engagement opportunity as in conventional systems.

In actual implementation, this system requires a
high energy laser, a very accurate pointing system, and a
very accurate estimate of the target position. The precise
pointing control and target position estimates are
required to concentrate the directed energy on a specific
part of the target, instead of "painting" the entire
target with energy, and to maintain the laser beam on the
target long enough to disable the target.

1.1 Background
This study is a continuation of other research
projects conducted at the Air Force Institute of Technology
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(AFIT) over the past four years which have investigated

possible solutions to the target tracking problems
S associated with directed energy weapons. Currently, the
] Air Force Weapons Laboratory (AFWL) uses correlation
trackers to provide precise target position estimates to
[ feedback controllers in the presence of disturbances.
u These disturbances include any effect which can cause
relative motion between the beam and the target, such as
true target motion, atmospheric jitter, and sensor measurement
errors (3:2). A correlation tracker compares new target
information received from a sensor with a template,
consisting of either predetermined or previous real-time
data. Correlation techniques are then used to estimate
the relative position offsets from one data frame to the
next. This relative position information is then used
to drive the tracking servo error voltages in azimuth
and elevation to keep the target image centered within
the sensor's field-of-view (FOV). Although various
sensors capable of providing target position information
are available, the one currently of the most interest
due to its passive nature, and the one which will be used

t»' in this research, is the Forward Looking Infra-Red sensor

' (FLIR) (4).

F The correlation algorithm is well suited to many

] practical applications because this methods requires no

a priori information. However, in many tracking situations
certain target parameters such as shape, size, and

——r Y

acceleration characteristics are either known or could

be estimated, which would enhance the tracker's ability

to estimate the true target position. The effects of

' atmospheric disturbances on radiated waveforms are

known and statistical data could be used to separate the
true target motion from apparent motion due to disturbances.
This separation is crucial since the directed energy beam

LA Sln o\ 0 Je S0




does not undergo the same distortion as the infrared
wavefront eminating from the target. Additionally,
statistical data on FLIR noise and background noise is
available, and can be used to provide a better estimate
of the target's true position (5:222). The desire to
exploit this knowledge, unused by the correlation
trackers, led researchers at AFIT to investigate the
possibility of designing an extended Kalman filter as

an alternative to correlation trackers. This method was
selected because the reduced computational loading
incurred with implementing this filter, when compared

to other nonlinear filters is great enough to warrant an
evaluation of its performance.

An extended Kalman filter can incorporate estimates
of target pararmaters such as size, shape, and acceleration,
as well as statistical information on the effects of
atmospheric distortion on radiated wavefronts, and sensor
errors, to aid in separating the true target motion from
the apparent motion created by disturbances. 1In initial
research efforts, the extended Kalman filter outperformed
the correlation tracker against targets exhibiting a
single point source of infrared radiation, or "hot gpot",
when the intensity function was relatively well-known
by the filter, and the internal filter structure was
designed to depict the tracking environment to be
encountered (5,6). The performance enhancement achieved
by the extended Kalman filter under these controlled
conditions led to further efforts to design a filter
capable of accurate tracking in an environment when the
target intensity pattern on the FLIR image plane is not
well known a priori (7,8). Additionally, as in realistic
situations, the tracker has to be capable of tracking
targets exhibiting both single and multiple hot spots
which change in time, so the target intensity pattern
must be identified in real time.
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In the thesis by Captain S.K. Rogers (8), a digital
processing algorithm was developed which is capable of
identifying the target intensity pattern in real time
for a single or multiple hot spot target when neither
the functional form of the target intensity nor the
number of hot spots is known a priori. This algorithm,
shown in the upper path of Figure 1.and detailed in
section 1.2, was implemented by Rogers in two trackers.

The first tracker used the estimated target shape intensity
directly in the measurement model of an extended Kalman

filter while the second. tracker used the estimated

target shape as a template in an enhanced correlator to
provide target measurement information to a linear Kalman
filter. A linear Kalman filter can be utilized in this
tracker because the outputs of the correlation algorithm
are offset distances which are linear functions of the

KRR
Y

chosen state variables (see Chapter 3). Both trackers
exhibited significant performance potential against
targets having benign dynamics, with the extended

filter having larger mean errors and the correlator
filter having larger standard deviations (8,9). However,

.ﬁa*

the reduced computational burden associated with tMe
actual implementation of the correlator/Kalman filter,

and the enhanced potential of using this filter with
optical processing alternatives, strongly urges further
investigation of this approach (9).

A e Mion S0n 228 04

.

1.2 Problem Overview

The purpose of this research is to expand on the
Rogers' work by investigating the feasibility of
utilizing a linear Kalman filter in cascade with a
correlation algorithm, using either the correlation
method employed by Rogers or an alternative method as

BAA Lo s e e s Sl i sl ) an ab 00 mb A

developed in Chapter 4. Alternative correlation methods
were explored to determine if either a reduction in the
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computational loading of the correlator could be achieved
without a degradation in performance, or another method
is available which reduces the mean errors and standard
deviations of the correlator without a substantial
computational increase. The ability of the correlator/
Kalman filter to track targets exhibiting single and
multiple hot spots over a varying range of dynamic
profiles will be evaluated. These dynamic profiles were
specifically designed to evaluate the ability of the
filter to track changes in the target dynamics as well

as changes in the target's intensity pattern. The target
scenarios and reasons for selection of those scenarios are
detailed in Chapter 2. In the single hot spot case, the
performance achieved by the extended Kalman filter
employed by Harnly and Jensen (6) will serve as the
standard against which the correlator/Kalman filter
performance will be evaluated. )

As shown in Figure 1., measurement information of
target position for the correlator/Kalman filter is
generated by the FLIR sensor. In this research the FLIR
tracking window is 8 pixels wide by 8 pixels'high where
a pixel length of 20 y radians is used, although ap
expansion of this window is possible. The measurement
information presented to the tracking algorithm is the
average intensity over each of the 64 square pixel
elements within the 8 x 8 tracking window. The concept
of the correlator/Kalman filter is to generate an accurate
reference image of the target's intensity function on
the FLIR image plane to serve as a template for correlation
with new data received from the sensor. In Figure 1.,
either path 1 or path 2 is followed depending on the
correlation method being used. The results of the
correlation of these two data arrays namely, the indicated
angular position offsets of the target centroid,

Equation (1-3), from the center of the FLIR field-of-view
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(FOV), can then be used in the measurement model portion
of a linear Kalman filter to estimate target offsets

from the center of the FOV. The linear Kalman filter
processes the measurement vector, g(ti), using

) = x(t; ) + K(t) {z(t;) - H x(¢, )} (1-1)

Xx(t, ) = state estimate vector after measurement
incorporation at time ti

x(t. ) = state estimate vector propagated from
previous measurement update to time ti

g(ti) = Kalman filter gain

z(t;) = measurement vector of the estimated offset
distance in the horizontal and vertical
direction from the center of the FLIR plane
_to the centroid of the intensity function

g(ti) = linear combination of the states which

contribute to the respective measurements

A detailed development of the Kalman filter eguations is
given in Chapter 3. These estimated offsets are to be
regulated to zero by using the estimates as inputs to a
pointing controller that points the laser beam andf the
center of the FLIR FOV appropriately. The state estimates
are also used to aid in estimating the shape function in
the data processing algorithm.

The primary focus of the Rogers thesis was to
generate an accurate estimate of the target's intensity
shape function and to evaluate its performance in a benign
tracking environment where the target did not leave
the FLIR FOV in one sample period. Thus, a four-state
estimate vector, x(t,), consisting of estimates of the
x and y positions due to true target dynamics and the
X and y positions due to atmospherics was utilized (10).
The position estimates are along the FLIR horizontal and
vertical axes respectively. However, in order to track
targets over a wide dynamic range the capability to
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to predict future target position is required; thus,

in this research the four-state estimate vector is replaced
by an eight-state estimate vector, consisting of

estimates of the target's position dque to dynamics and
atmospherics in the x and y directions as well as

estimates of the target's velocity and acceleration

in both the x and y directions.

In the lower path of Figure 1, the Kalman filter
incorporates the measurement information, using Equation
(1-1) at time ti' and utilizes its internal dynamics
model to propagate its estimate of where the true target
position will be at the next sample period, tie1e using

+
x(t t)x(t; ) (1-2)

x(t;, 7)) =act

i+1’
where

g(ti+l,ti) = filter state transition matrix as
defined in Equation (3-11)

The FLIR is located so as to zero out the estimated
target dynamics position components which are the first
two states of §(ti+1—). The atmospheric disturbances
which can cause apparent translational offsets of the
intensity function on the FLIR image plane are also
accounted for by E(ti+1-) and the correlator templa%e
is positioned with this estimate. The incoming measurement
array is then correlated with the template to determine
the position offset between the two arrays. Errors in
the correlation algorithm are reduced by processing the
position offset estimates with the Kalman filter which
exploits statistical knowledge of the correlator errors
to produce a better position estimate for actual
tracking purposes (9:13-14). The Kalman filter then uses
its internal dynamics model to propagate its best
estimate of the states at the next sample time, x(t; .).
The upper path of Figure 1 is designed to generate
the template for correlation with the incoming FLIR

T A S S P S




data array. The fundamental concept of the algorithm
_ is to utilize the fact that the actual target image
:! " will change rather slowly relative to a given sample
period while background noises will typically change
more rapidly. This path generates an estimated representation
:fi of the average value of the target intensity pattern
S over each pixel, which would be observed if the measurements
were noise-free and the filter state estimates were
- . perfect. The location of the centroid of the target
A intensity pattern is the sum of the effects caused by
true target dynamics plus apparent translational motion
caused by atmospheric disturbances. In the x-direction
the centroid of the target's intensity profile is defined
by

Xcentroid xdynamics + xatmospherics (1-3)

9 and control action is applied to zero out the estimated
: xdynamics' and similiarly in the y-direction. Thus,

F m under these conditions the target'’s intensity profile

! will b« Ifset from the center of the FLIR FOV by the
predicted atmospheric states, xa(ti-) and ya(ti-).

i To generate the estimated target intensity pattern
' from the noise-corrupted FLIR data, interframe smoothing
8 is employed to attenuate the noise. The raw FLIR data

- is put through an FFT to allow for efficient data

b

processing and possible spatial frequency filtering.
In order to center the target in the original spatial

Yz‘,

domain, the appropriate negating phase shift is applied
to this transformed image. The offset estimate for the

frame at t; is provided by x d(ti+) and y

+ centoi centroid
(ti ) based on Equation (1-3) as obtained from the

Y YV YTITYTYTY
-t .

Kalman filter. The phase shift is computed according to
the shifting property of the two-dimensional discrete
Fourier transform (8:Eqguation (2-7) ), with the output
i of the "Negating Phase Shift" appearing as the result

Kt ‘l" v
)
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of passing a centered target image through a FFT.

This result can then be averaged with the most
recent N such centered and transformed data frames to
attenuate the background noise and accenuate the underlying
target pattern. Instead of explicitly storing N data
sets, finite-memory averaging is approximated by using
exponential smoothing )

(G(ty) = ag(t,) + (1-a)G(t; ;) (1-4)
where
‘ g(ti) = current data frame value of G
é(ti) = current estimate of G
é(ti_l) = previous smoothed estimates of G

@ = smoothing parameter; 0<ua<l

Thus, a smaller a corresponds to a longer finite
memory being approximated as appropriate for slowly
changing target patterns (9:8-11).

At time t,, the output of the "Exponential Smoothing
of Centered bata” block is a representation of the FFT
of the estimated target intensity pattern correspoﬁhing
to a centered image. This pattern is then evaluated
using §(ti+1') which, due to the previous controller
action, corresponds to offsetting this FFT by the phase
shift corresponding to the atmospheric state components
of 5(ti+1-) as generated by the Kalman filter. The
intensity function, h(x(ti+1 ), ti+1)’ is then ready for
use as the template in the correlation process at the
next sample time ti+1' and is placed in a one period
storage location awaiting the next measurement. Note
the previous contents of this location which corresponds
to the estimated intensity function generated by the
smoothing algorithm at ti-l' was used as the template at
“yr i.e. hix(t;"), t;), to generate 5(t1+) and x(t; .,7).
Depending on the correlation method used, the correlation

10
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of the template and the incoming data array is either
accomplished in the frequency or spatial domain. For
a detailed development of the upper path of Figure 1,

see reference 8.

1.3 Plan of Attack

This section presents a general overview of the
flow of this research as depicted in Figure 2.

Truth Design Implement

Model Implement Correlation

Changes 8-State Methods
Filter
Incorporate Evaluate
Truth Model 2 Correlation

E Filter, and Methods
Correlators
N N

Truth Model
Changes Incor-
porated into
Harnly and Jensen
Filter Used as
Benchmark of
Performance

Performance Analysis Using
Monte Carlo Simulation

e

Conclusions About
Filter Performance

Figure 2. Research Plan of Attack Flow Diagram
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The computer simulation developed by Captain Rogers
(8) was used as the basic computer program to which
changes were made to evaluate the performance of the

correlator/Kalman filter in realistic tracking environments.
This approach required that realistic target trajectories
be incorporated into the truth model in place of the benign
target trajectory model hsed by Rogers. Additionally,

a model was developed to account for the movement of

4 both single and multiple hot spots relative to the

- aircraft center of mass and to project the hot spot or spots
E‘ onto the FLIR image plane for measurement data. The

_e

four-state Kalman filter used by Rogers was replaced by
the eight-state Kalman filter which is developed in
Chapter 3. Finally, based on a literature search of

available correlation methods, alternative correlation
methods were selected based on the criteria previously
discussed, for evaluation: against the correlation method
used by Rogers, see Chapter 4. As a result of this
evaluation, one alternative method, along with the method
developed by Rogers, was implemented in cascade with
the Kalman filter. )

The truth model, Kalman filter, and correlator models
were incorporated into a computer simulation for a

performance analysis using a Monte Carlo simulation.
Additionally, the truth model changes were incorporated
into an extended Kalman filter developed by Harnly and

Y —

F‘ Jensen (6) to track only single hot spot targets with

E- intensity functions well described as bivariate Gaussian
1 to provide a benchmark of performance for the proposed

‘ algorithm.

T
. -

1.4 Overview

Chapters II, III, and IV, discuss in detail the
mathematical models used in the computer simulation.
- B Chapter II presents the truth model which represen:s

12
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the environment from which measurements are taken.

Chapter III describes the eight-state linear Kalman filter
used in the computer simulation. Chapter IV presents a
mathematical development of the methods of correlation
used and an analysis of the performance of these
correlation methods. Chapter V presents a performance
analysis of the linear cQrrelator/Kalman filter and the
Harnly and Jensen filter against targets exhibiting a

wide range of dynamic profiles and both single and
multiple hot spot intensity shapes on the FLIR image

plane. Chapter VI presents the conclusions and recommendations.
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IXI. Truth Model

2.1 Introduction

The truth model is the best mathematical representation
of the real world process to be simulated that is available
to, and can be implementéd by, the researcher. In this
study, the truth model portrays the motion of the target,
an air-to-air missile or a multiple engine aircraft, in
inertial space and the intensity function emitted by the
target which is distorted by atmospheric disturbances.

The resulting infrared image is then projected onto the
two-dimensional FLIR image plane. With this distorted
target intensity pattern projected onto the FLIR image
plane, spatially correlated and temporally uncorrelated
noise which accounts for background and inherent FLIR
noises, are added to create the corrupted measurement
array, g(ti), for incorporation by the correlator/Kalman
filter.

This chapter outlines the truth model used in this
study. For details of how the components of the model

. ]
were developed, consult the cited references.

2.2 Target Model

This section develops the equations which represent
the trajectory of the target being tracked in inertial
space and translates that into motion on the two-dimensional
FLIR image plane, which is represented by movement of the
target intensity patttern within the FLIR field-of-view.
Although this motion consists of several components,
in this research the apparent target motion due to
boresight errors, FLIR system vibrations, etc., are
assumed to be negligible compared to the motion due to
"target dynamics and atmospheric jitter. Thus, the
continuous time target model describes the apparent target
motion due to actual target dynamics and atmospherics

14
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by means of differential equations, as well as stochas-
tically to represent the statistical properties of the
physical processes of concern and to account for the
unmodeled physical effects.

e T
e -d

As developed by Harnly and Jensen (6), the continuous
target dynamics model accounts for the true location of
the target center of mass on the two-dimensional FLIR
image plane in the horizontal direction, a, and in the

- — v e
~ﬂ.. P

—

vertical direction, B. A deterministic model was used

to provide a time history of the target location so
that specific trajectories could be generated for trackex
evaluation although a stochastic model could be used. Thus,

Ay 2 aana "
R .

kl(t) = o (t) = horizontal velocity
Ti R, (t) = B(t) = elevation velocity
: or
] () = ut) =i (2-1)

While a target trajectory could also have been generated
by simply reading in time histories of a and 8 , a
deterministic model of the form of Equation (2-1) vwas
selected so a switch from the deterministic form to either

a first-order Gauss-Markov process, a Brownian motion
stochastic process, or the sum of a deterministic and
stochastic model could readily be implemented if desired.
The atmospheric disturbances, as developed by Mercier

. J A ) 20 S oL Gl AL e
N .

(10), were modeled as third-order Gauss-Markov processes,
described by the output of a shaping filter with a
- frequency domain transfer function of

-
»

A _ K(14.14) (659.5)2

- — =

w3  (s+14.14) (s+659.5)

(2-2)

2

driven by a unit strength white Gaussian noise Wy
A duplicate independent model is used to generate Ya
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in the vertical FLIR plane Airection. Physically,

this corresponds to jitter in each of the two FLIR

image plane coordinate directions being modeled as the
output of a linear third order system driven by white
Gaussian noise, developed to match the power spectral
density characteristics of the observed physical jitter
phenomenon. The atmospheric jitter is then represented
in both FLIR plane directions by a stochastic differential
equation of the form

§A(t) = EA(t)fa(t)+§A(t)!A(t) (2-3)

where

%, (t) = six atmospheric noise states

EA(t) = atmospheric plant matrix

QA(t) = atmospheric noise distribution matrix

gA(t) = two-dimensional vector of white Gaussian

noise inputs with statistics:
E{w,(t)} =0

and ]

T
E{!A(t)EA(t+T)} = Q, (t) 6 (1)

After augmenting the atmospheric states to the dynamic
states, Equations (2-1) and (2-3), and writing the equations

¥

r..

? in an equivalent discrete time form (6), the solution to

[ the discretized truth model propagation of the motion

2 of the target intensity function has the form

! ( ) =9¢( )x(t,) (t;) (t;) 0

5 x(t. =2(t, ,,E)x(t. )+ | B.(t, u. (t)+] 0 w -
3 =VRitl i+l i i :da ATl =t = | FAdlyy)  (2-4)
- = %)

s —Ad

¢
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where

x(t ) = state vector of the two dynamic states and
i six atmospheric states

| JU
s . . - i+l
§d(ti) = input matrix for dynamics = t{ g(ti+l,ti)§(r)dt
gd(ti) = piecewise constant function (constant between
sample times) evaluated at the interval midpoint
as an approximation to the integral of a(t) and
B(t) from t; to ;.4 Explicitly,
t .
a(t,+ A%)
Hd(ti) =
B(t.+ At)
1 =
L -
At =&Y

Wagq(tj) = discrete-time white Gaussian noise with statistics:

(=]

E{w,q(t;)} =

|
-
=

T
E{EAd(ti)EAd(tj)} =

and

C- C /= T
t,

- Ui+l T T

= t{ 2y (85417 DG (T (TIG, (7)) By (k;,,,T)AT

where‘cngd represents the Cholesky square root of QAd'

See reference (12) for development.
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Thus,

E{5/0, 7 waq(t;)} = 0

-Ad A 1
2 c T c T, _
BUV0pq Waq by ¥nq(ty) VRag b = Qu48; 5

Explicitly, the state transition matrix is

T o o o o o o o |

o 1 ¢ 0 0 o0 o0 o0

o o 3ty o o o o

0 0 o0 aBAtagBAYy o g
LA Rt Ll PR o o &B%ty o o

6 o e o0 o Mty g

0 0 0 0 0 o aBAt Bt

6 o o o o o o @abAt

The three by three submatrics in &(t, ,,t.) are ideftical
and propagate the atmospheric disturbances in azimuth and

elevation with poles A and B as shown in Equation (2-2).

-—

At 0
0 At
o o
o 0
Ei Balty) =lo o
g o o
L o o
(. o o

. For a detailed development of Equation (2-4) consult ref. 6.
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The last step in the target dynamics model is to
define the azimuth velocity, a(t), and elevation velocity,
é(t), in the FLIR image plane. To simulate this motion,
the target velocity was initially calculated in an inertial
frame, with its origin at the center of the FLIR image
plane, and then projected onto the two-dimensional FLIR
image plane. The relationship between the FLIR frame and
inertial frame is shown in Figure 3.

Y

y X*FLIR
FLIR

Figure 3. Inertial Coordinate Frame

The geometry involved in the azimuth directior? is as
shown in Figure 4.

> x

xI(t) - -

I
I
!
]

> X3

zI(t)

Figure 4. Azimuth Geometry
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yI(t)

)\ Xx-z2 plane

rh(t)

Figure 5. Elevation Geometry

20

-1 2 (¢t)
a(t) = tan — I (2-5)

xy(t)

and .
. __xI(t)ir(t)—zI(t)xI(t) (2-6)
a(t) = 5 5
zI(t)+xI(t)

1. Equation (2-6) yields an azimuth velocity in radians/

= sec which is converted to FLIR image plane units, pixels/

- sec, by dividing a(t) by 20x10”°
= Similiarly, Figure 5 shows the geometry involved in
; computing the elevation velocity.

radians/pixel (6:33).
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where
r = range = {xi(t)+y§(t~.)+z§(t)};i

I, = horizontal range = {xi(t)+z§(t)}!s

From Figure 5, the tangent function can be used to
find B:

-1
B = tan (t) (2-7)
r, (t)

h

and

B(E) = ry (£)¥ (E)-y  (8)E, (t)

2 2
rh(t)+yI(t)

(t)iI(t)+zI(t)2I(t)J

- XI
= r (£)¥ (£} -y () r, (6

(2-8)

rz(t)

The elevation velocity is then converted to pixels/sec also.

By inserting Equations (2-6) and (2-8) into quation
(2-4), deterministic time histories for the truth model
propagation can be generated to produce the désired
trajectories for the target.

2.3 Trajectory Description

A thorough evaluation of the filter's tracking
performance requires that specific trajectories be designed
to test the ability of the filter to maintain an accurate
estimate of the target's true position under various
circumstances. A benign crossing trajectory was selected

to serve as the baseline for the filter's performance,
as this should be an easy trajectory for the filter to
track. For the multiple hot spot case, a rolling
trajectory was designed to evaluate how well the data

21
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Processing algorithm can reconstruct the target intensity
pattern when the target's intensity pattern exhibits
changes on the FLIR plane relative to the aircraft

center of mass. Several trajectories were designed

to evaluate the filter's ability to maintain track on

a target performing highly dynamic maneuvers. Note,

as will be discussed later, under these circumstances
while the center of the target intensity pattern

relative to the aircraft center of mass does not change,
the orientation of the elliptical intensity pattern as
projected onto the FLIR image plane will change.

Finally, a trajectory was designed to evaluate the ability
of the algorithm to estimate the target position when

the target is performing a high-g maneuver and the dynamic
shape of the intensity pattern is also changing
simultanecusly. .

The benign trajectory which served as the baseline
for filter performance was simulated by having the target
fly a cross-range trajectory parallel to the x-y plane.
The flight path referred to as trajectory 1, is depicted

in Figure 6. R

(NOT USED)
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Figure 6. Trajectory 1

The inertial location of the target at t; is

xI(to) 5000.0 m

yp(ty) = 500.0 m

zI(to) 20000.0 m

The trajectory throughout the simulation is given by

k;(t) -1000. m/sec
YI(t) = 0. m/sec

2I(t) 0. m/sec
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Trajectory 1 was used to evaluate the performance

of the filter against a multiple hot spot target flying

either a wings level trajectory or a roll maneuver.

Roll rates of .5 radians/sec and 1.0 radians/sec were

used as being representative of realistic perxrformance.
To evaluate the performance of the filter against

a target performing a maneuver, the target was initialized

with the same inertial location and velécity as shown in

Figure 6. Two seconds into the simulation, a constant g

pullup maneuver was initiated which lasted for three

seconds, and the simulation was terminated. The flight

path, trajectory 2, is depicted in Figure 7.

Figure 7. Trajectory 2
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The trajectory prior to the pull-up manuever is desc - bed
by

RI(t) = =1000 m/sec
§I(t) = 0.
5.(t) = 0.

and is initiated at inertial coordinates

5000 m

xI(to)

500 m

zI(to) = 20000 m

At ti=2'° sec, the pull-up maneuver is initiated at the
inertial coordinates

xI(tZ) 3000 m
YI(tz) = 500 m

20000 m

zI(tZ)

The velocity equations are then

iI(t) = -1000 cos{w(t-2)lm/sec
YI(t) = 1000 sin{w(t-2)}m/sec
2I(t) = 0. m/sec
and the inertial position of the target can be determined by
r..<
- xp(£) = x (t7)-2000-{1000/w}sin{w(t-2)} m
:f yI(t) = yI(to)+{1000/m}{1-cos w(t=2)} m
L
b7 =
3 zI(t) 20000 m
L
. 25
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The trajectory 2 equation can be modified so that
instead of the target performing a pull-up maneuver
in the inertial y-direction the target motion is in the
negative inertial z~direction. In this case, the target
turns in toward the FLIR image plane, and three distinct
ellipsoidal intensity patterns are projected onto the
FLIR plane. With the x equations being as previously
described, the motion of the target is defined by:

9I(t) 0.0 m/sec

éI(t) ~1000.0 sin{w(t-2)} m/sec

The inertial position is given by:

yI(t) 500.0 m

zI(t) = zI(tO)—{IOOO/w}{l-cos w(t-2)}l m

w is set at various constant values in different
simulations, to evaluate the performance of the tracker
against targets exhibiting varying degrees of manegverability.
In this research, the performance of the tracker against
targets performing 2 and 5 g turns was eval—ated.

(w = 0.0196 and 0.049 radians/sec respectively). Note that
this trajectory represents a step change to a constant g
maneuver. Although realistically such changes do not occur,
for ease of implementation this method was used. However,
this also implies that the filter is being required to track
a harsher maneuver than the more realistic pull-up

maneuver, in which w builds up smoothly from zero to a
constant rate, and thus better performance should be achieved
in the more realistic environment.

Trajectory 3 was motivated by the desire to evaluate
not only how the filter responds when the target being
tracked initiates a maneuver, but also how the filter
responds when the target terminates the maneuver.

26
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Trajectory 3 is initially the same as trajectory 2,
with a two-g pull-up maneuver being initiated at

t = 2.0 sec. With this maneuver the target has an
inertial velocity at t = 3.5 sec of

et
]
w
.
o
~—
1l

-999.58 m/sec

H‘<.
o~
W
w
!
1

29.069 m/sec

2_(t = 3.5) = 0. m/sec

The target terminates the pull-up maneuver at t = 3.5
sec and continues at this constant velocity for the
remainder of the simulation.

The final trajectory, trajectory 4, was designed
as the most realistic trajectory, and also to evaluate
the performance of the filter when the dynamic shape
of the target intensity patterﬂ is changing. Trajectory
4 is initialized identically to trajectory 2. However,
at t = 2 sec, a two-g turn is initiated, with the target
turning toward the FLIR plane displaying motion in all

inertial directions (see Figure 8). .

Y
N

Y
H

|

P' Figure 8. Trajectory 4.
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This maneuver can be derived by the two coordinate system
transformations shown in Figure 9.

y Z, Zl
/N v 7N\ 2
w(t-2) ATl o (g-2fA"2
> ¥ >Y)
%3 Y,

Figure 9. Out-of-Plane Coordinate Frame Rotations

Explicitly writing out the coordinate transformations

yields: )
£ (¢) 1 0 olfa = o] [v]
YI(t) = |0 A B -B A 0 0
3.(6) o -B af]o 0 1| o]
where

A= cos w (t-2)

B= 8in w ﬁt—2)

Performing the matrix multiplication gives the velocity
equations as:

28
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?’ iI(t) = ~v{cos w(t-2)} m/sec

tu f(I(t) = v{cos w(t-2)}sin w(t-2) m/sec
Ej' EI(t) = -v{sin2 w(t-2)} m/sec

and the inertial target position is:

i i

xp(t) = x (t;)-2000-{(1000/w) (sin w(t-2)}
4 yp(£) = y (£)+{(1000) (sin®u(t-2))}

P‘ 2w

- z.(t) = z_(t,)-1000{(t-2)-1 sin(2w(t-2))}
- I 10 3 1

[ where in this simulation v = -1000 m/sec. The out-of-
’ plane angle associated with this maneuver can be found
by

op angle = tan-1 zI(t)

yI(t)

2.4 Measurement Model

¢
‘With the motion of the target defined, the next

step is to define the intensity function generated by
the target and project that function onto the FLIR
image plane. For distant targets, the intensity

WP

-‘ pattern projection onto the FLIR image plane is well
approximated by a bivariate Gaussian function with
.circular equal intensity contours (5:223). However,
for closer range targets, Harnly and Jensen, ref 6,
q found an elliptically shaped pattern was a better
representation of the true intensity pattern. This
intensity function is

S S e SEE L & anm et o

) -1
« I(x,y) = I, exp -0.5{(x—xpeak)(Y-Ypeak)}{g} (k-xpeak (2-9)
y.ypeak

29

T T T YV
| A Coe ! :

o




where the variables, as shown in Figure 10, are

I = maximum target intensity

= coordinates of peak intensity function

Q

-

Q
]

eigenvalués of P; cooresponding to the
ellipse semimajor axis along the velocity
vector and the semiminor axis perpendicular

to the velocity vector respectively.

YLLOS = velocity component of the target perpendicular
to the line of sight from the FLIR image
plane to the target

0 = orientation angle of Y 10S in the FLIR
plane, aligned with the semimajor axis of

the intensity pattern
1108

Yelevation | o

ypeak - -Yo

X .
azimuth

Figure 10. Image Intensity Characteristics
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For this research, a pixel dimension of 20 p rads
is used. The movement of the point of maximum intensity
on the FLIR image plane defined by xpeak and Ypeak is
determined by a(t) and B(t), expressed in u rads,
respectively after the effects of tracker controller
action have been accounted for. Therefore, the 8x8 FLIR
FOV will be 160 ﬁ rads wide in azimuth and 160 U rads
wide in elevation. Because of this small FOV, angular
displacement of the target from the FLIR FOV can be
approximated by linear displacement on the FLIR image
plane. Similiarly, angular velocity closely approximates
linear velocity in the FLIR image plane (6:24). Thus,
angular measurements were used.

The intensity pattern on the FLIR image plane is
produced in several steps. From the simulation of the
inertial position and velocity of the missile, the
azimuth velocity (x velocity in Figure 11), elevation
velocity (y velocity in Figure 11), and speed (the
magnitude of the velocity vector in inertial space),
were computed in rad/sec. The azimuth and elevation
velocity then define the missile velocity component

4
perpendicular to the line of sight, YLLOS' and the
ratio of Vi10S and speed is the cosine of the out

of place angle, Y. Figure 11 shows the geometry
involved (6:24). Explicitly, the relationships are:

cos § = &(t)
Marosl

where
%% zos| = (a?(t)+B2 ()}
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and

cos ¥ = |V 1ogl
1 v|

- Yelevation
.
"
:
- 6
! Xazimu
r‘
Viros
N\
\
y
-
i;' line of sight
@ to target
3
b Figure 11. Image Projection
X
L
. With cos y determined, the semimajor axis of the
missile can be projected onto the FLIR image plane.
; Referring to Figure 12, where § is the length of the
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semimajor axis in meters, the length of the semimajor axis
parallel to the FLIR plane is:

‘=6
%5 cos Yy m

By approximating linear distance on the FLIR plane

as the angular displacemeént, this distance can be expressed
as

ap = ¢/.00002 pixels (2-10)
where
v = o’
P
r
.00002 = conversion factor from radians to pixels

Figure 12. Semimajor Axis Projection

To make use of information already computed in the
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simulation and with cos vy = 1 at t = 0 for the trajectories
used, Equation (2-10) becomes

Ei o, = (cos y)(ovI)(rI) pixels (2-11)
) r

i where
F .

X, initial target range

.

Our = initial length of semimajor axis in pixels

The radius of the circular missile IR cross-section is
- retained as the semiminor axis and similiar to the
deVelopment of Equation (2-11) the distance on the FLIR
image plane is given by

. Wj'fr’f»
N

Opv = (o vI)(rI) pixels (2-12)
- r
n oﬁ where
EA ova = jnitial length of semiminor axis in pixels

With these parameters established, the intens;ty at
any point in the image plane can be computed. This
Qalculation is performed in the image ellipse coordinate
system. The intensity function is then (6:27)

I(x,y) = I, exp}-0.5[xay] o2 o | [ax (2-13)
2
0 °pv Ay
where
Ax = (x-xpeak) cos © +(y-ypeak) sin 0
i' K3
. By = (y=Ypeax) 08 O =(x-x,,.,) sin ©
|
L,
I 34
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8 = rotation angle between FLIR axis and image
ellipse coordinate axis

The average intensity for any pixel, as measured
by the FLIR, is the integral of the apparent target
intensity function over the pixel area divided by the area
of the pixel, corrupted by FLIR and background noise.
To approximate this integral, the intensity function was
averaged over twenty five equally spaced points within

each pixel. To complete the simulation, noise corresponding

to FLIR and background noise was added to each pixel.
For one of the 64 pixels in the 1l-th row and m-th column
the average intensity as measured by the FLIR is
repesented as: '

5 5
= - - 2 -l
Z1n(ti) = L . I ax®XPq-0.5 8%y Axmj o, 0 A%,y
25 k=1 j=1 0 o2 Ay
vp mj
* ypn(ty) ' (2-14)

The noise term, nlm(ti), is based on the research 9f
Harnly and Jensen, ref 6, who documented the existence
of spatial correlations of background noise in each
data frame with nonnegligible spatial correlations
between each pixel and its closest two neighboring
pixels in each direction (6:19). The 64 measurements
are first arranged into a vector. Then, the covariance
matrix, "R", for the zero-mean white Gaussian noise,

n, consisting of components seen in (2-14), is of
dimension 64x64. With the spatial correlation matrix, R,
known, realizations of the noise vector can be produced
by performing a Cholesky square root decomposition of R
and post-multiplying it by a vector of independent,
white Gaussian noises, each of zero mean and variance
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of one. The noise vector is

_c

1%
1<

»
<

i (2-15)

where

!'(ti) = white Gaussian noise vector with independent
scalar noises and statistics

E{vi(t;)} =0

- .T _

E{v (t;)v (tj)} = 185
The model given in Equation (2-15) is used because the
noise v° is readily simulated via repeated independent
calls to a Gaussian random number generator. Thus, the
covariance of g(ti) is equal to the correlation matrix.

E{g(ti)gT(tj)} = {°/R g'(ti)v’T(tj)c/ﬁT} = RS, 4

As justified in the analysis by Harnly and Jensen,

temporal correlation of the background and FLIR noises

are assumed negligible. The noise array vector is then

added to the input array, as in Equation (2-14), to create

the measurement array for the correlator/Kalman filter.
Equation (2-14) represents the measurement array for

a single hot spot target. For multiple hot spot targets,

three Gaussian hot spots with elliptical constant intensity

contours and parallel semimajor axes were used in this

study. The measurement is then the summation of three

double summation terms of the form given in (2-14)

instead of one, plus the noise as in (2-14).

2.5 Projection of Muitiple Hot Spots

The location of the aircraft center of mass (COM)

36




T T g TN T RET AT T e e T e e o

L ammk omm S s nun ook e el aum o SN

in FLIR coordinates can be determined, as previously
. described, and the method for'projecting the intensity
i! pattern onto the FLIR plane is the same for multiple
- and single hot spot cases because the assumption is made

o that the semimajor axes of the ellipsoids are parallel.
Thus, by calculating the angular orientation of one of
the hot spots the orientation of all of the hot spots
is known. Therefore, the only remaining information

L Cdthi
. e
. PERPE

required for the projection is the coordinates of the
center of each ellipsoid in the FLIR image plane.
This requires that the distance from the COM of the
aircraft to the center of each ellipsoid be known in
inertial frame coordinates and transformed into FLIR

vr'r,"**

frame coordinates. For single hot spot targets, the

center of the intensity ellipsoid is assumed to coincide
with the aircraft COM and no additional calculations
are required.

With the orientation of the FLIR image plane
relative to an inertial frame being as shown in Figure
13, and the angles a and 8 known, as calculated in the
trajectory model, unit vectors in the directions referred
to as 38 and'éz can be determined. Notice that if FLIR

o

: - — = - =-—-‘ . .
frame coordinates eg = ey FLIR and e, e, FLIR This
coordinate frame was selected instead of using éx FLIR

directly for ease in implementing the required coordinate
frame transformations (Appendix 3).

¥ The 334320 plane is then translated in inertial

[ space so that the origin of this plane coincides with

the aircraft COM (Figure 14).

: From the trajectory model, the velocity vector of

!g the aircraft is known. Since the location of the hot

. spots in a body fixed frame can be readily determined,
the velocity vector, which by assumption will always
point out the nose of the aircraft, can be used to define
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one axis of a coordinate frame with its origin lying
at the aircraft COM, referred to as the H-frame. Thus,

3hx is defined to be a unit vector in the direction of
the velocity vector and forms one axis of the H-frame.
Performing a cross-product of the velocity vector with
a unit vector in the inertial y direction,'?, will
produce a vector normal Eo‘? and v, which is normalized

to form a unit in the direction of the second axis of
-l
eHy'
in the horizontal plane. The third axis of the H-frame

is subsequently calculated by crossing the two H-frame

> -
®Hx CHy
The unit vectors

the H-frame, Note that this axis will always lie

axis vectors, to produce a vector normal to the
e,
Hz*®

of the translated'?e-ééa frame and the H-frame with

origins located at the aircraft COM, are shown in Figure 15.

plane, which when normalized becomes

= x
-
e6 -é\
Hx (along velocity vector)
-
eHy
> -
e
2 za €2

Figure 15. @ -E;a and H-Frame Unit Vectors

8
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Let the body frame, B, have the x-axis out the
aircraft nose, the y-axis out the aircraft right wing,
and the z-axis out the aircraft belly, and assume
that initially the aircraft is oriented such that the
aircraft body frame lies with the plane of the aircraft
wings in the ng;sHy pla?e. Specifically for the three
hot spot target model used, the initial location of the
intensity functions are shown in Figure 16.

S0
®Hx'Bx

A S o
C 3R 2 O eyyepy

aircraft COM

TS

Figure 16. Initial Ellipsoidal Centers

where

- -~ .
®nz’ S8z into the page

@ ,@, and@, location of the center of each
intensity ellipsoid, in relation to the aircraft COM.

By assumption, the center of éllipsoid 1 will
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lie along the ékx axis. The ellipsoidal centers along
the Ehy axis will remain along that axis unless the
’G aircraft performs a roll maneuver, in which case their
- location can be determined as shown in Figure 17. 1In
order to simulate a roll maneuver in this thesis, a
: constant roll-rate, w, was used. Using a constant
!! » roll-rate implies a steé change from a wing-level
trajectory to a constant roll-rate rather than a smooth
- build up to the desired rate. This method was used for
ease in implementing the simulation. However, this also
:‘ requires the filter to track a maneuver which is harsher
é than realistically would be encountered and thus the
results obtained are for a worst case scenario.

a0 .
eHx,eBx (out of the aircraft nose)

N

g3

w

\A

t

0
w
N

L N e atn iy

i ¢
\ o
: ? %Hz
#
[
=
- .
* - ¢
e
r Hy
ﬁ (in horizontal
1 plane) ggy (in plane of aircraft wings)
o |
3 Figure 17. Roll Maneuver Geometry
’
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Since the intensity funciton centroids are offset
in the ng—géy plane, the only calculation required to
determine the direction of the ellipsoidal centers is

>
e

- . Pe 3
+
e H sin ¢ e

By ~ €O ¢

Hz (2-16)

where

¢ is the roll angle measured from'gHy tc gﬁy' In
simulations for this thesis, ¢ is the result of a

constant roll rate u, ¢ = wt

Thus, the location of the three hot spots relative to the
H-frame can always be determined.

The final step is to convert this distance to the
equivalent offset distance on the FLIR image plane.
Let § represent the distance in meters from the aircraft
COM to the center of ellipsoid 2, lying in the positive
py direction. This is depicted in Figure 18.

S

g

S A
e
Hx' Bx

/

0

oL

zak/

Figure 18. Hot Spot Offset
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By taking the following dot products, 6{3by'3éa} and
6{3£y“38}. the projection of the ellipsoidal displacement

onto the translated gé-gza plane is determined, as

shown in Figure 19.

Figure 19. Distance Translated in éé-g;a Plane

where

2 - .
gT = G(eBy eB) = distance along translated eB axis

i | 43




T

in meters.

-~

) = 6() °ez) = distance along translated

zaT ®By

-3 axis in meters
za n me
With GBT and GzaT known, this distance is converted
Since the
translated 38-32a plane is normal to the range vector,

into distance on the FLIR image plane.

the angular displacement of the hot spot from the center
of the FLIR FOV can be used to approximate the linear

displacement in the FLIR plane. In the 38 direction,
53 = tan 6 = § = GBT (2-17)
r
where
0 = displacement angle as shown in Figure 19.
r = range

Equation (2-17) gives the distance, GB, in radians, which
is converted to pixels by dividing by .00002 radians/pixel.
Displacement in the 38 direction is added in the YPLIR
direction to the coordinates of the aircraft COM to
determine the YFLIR location of the hot spot.
in the é;a direction is likewise calculated and subtracted
from the coordinates of the aircraft COM to determine the
XpLIR location of the hot spot because of the axis

orientation shown in Figure 13.

Displacement

Thus, the coordinates
of the ellipsoidal centers in the FLIR image plane are
known, To demonstrate this projection, a sample trajectory

was run with initial coordinates

xI = YI =2y = 10,000 m
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and constant velocity
xp(k) = y (£) = 2 (t) = -500.0 m/sec (2-19)

The target is moving directly at the FLIR image plane

therefore,

-

B A |

a(t) = B(t) =0

for the entire trajectory. Hot spots were initially
positioned 1 meter forward of the aircraft COM in the

- 3hx direction and (%) .5 meters in the 3ﬁy direction.

3 Two simulations were used to demonstrate this projection
model, The first run, see Figure 20, shows that for a

r! roll of w radians, hot spot 1 stays centered in the
.
E

33'3éa plane, while hot spots 2 and 3 roll through =
radians and remain positioned m radians apart on the
QF? 38;326 plane. As the aircraft approaches the tracker
- location, the distance from the aircraft COM to the hot
spots as projected onto the FLIR plane will increase
which accounts for the offset semicircles seen in ?igure 20.
!! The second run also initialized as in (2-18) with velocity

components as in (2-19), was used to show the proper
displacement on the aB-aza plane. During this run, shown
- in Figure 21, the aircraft conducted a 2 7™ roll about

- its velocity vector with the hot spots positioned as in

@

{ the first run. Substituting the initial conditions from

- Equation (2-18) into Equation (2-17) yields the initial
offset distance for hot spots 2 and 3 from the aircraft COM.

C

! 62& = +) (.5) 1 = (t) 1.44 pixels

A {(3) (100007%) F * ||~ 00002

5. For a 5 second simulation Equation (2-19) can also be

r
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used to determine the inertial position of the aircraft
at t = 5.0. Thus, Equation (2~17) can again be used to
determine final offsets of the hot spots.

§ 40 =-[ (£) (.5) ][ 1 ]= () 1.93 pixels
T3 (75605777} | To0002

As shown in Figure 21, hot spots .2 and 3 roll through

2 m radians with initial and final offset distance as
calculated and hot spot 1 remains centered in the plane.
For a detailed description of the projection model
equations, see Appendix A.
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III. Kalman Filter

3.1 Introduction

The primary focus of Rogers' thesis (8) was to
develop an algorithm capable of indentifying, in real-
time, the intensity function of the target. As such,
the ability of the Kalman filter to track a realistic,
highly dynamic target was not of primary concern, so a
four-state Kalman filter, consisting of estimates for
the x and y position due to true target dynamics and
the x and y position due to atmospherics, which sum
together to form the apparent target centroid location as,

b 4 = X + x (3-1)
centroid dynamics atmospherics

and similarly in the y-direction, was used. Such a
model is acceptable if the target is not highly dynamic
and does not leave the FLIR FOV in one sample period.
However, in practical applications a missile can travel
many times the width of the FLIR FOV in one sample period.
For example, a typical missile at a range of 10 km can
travel approximately 80 pixels per sample period aﬂd a
FLIR with an 8x8 pixel FOV and no predictive capability
will not be able to keep the target within its FOV,
resulting in loss of target track (6:69). Therefore,

the tracker must have a predicted target position for the
next sample period.

Although a six-state filter which additionally
estimates target velocity in both directions might be
appropriate in certain situations, previous research
efforts have shown that in order to achieve accurate
target position information acceleration estimates in
both directions must be incorporated into the filter
model as well, resulting in an eight-state filter (6).
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Of the acceleration models most commonly used, first order

Gauss—-Markov and constant turn-rate models have yielded
the best results, with the constant turn-rate model
proving more representative of the tracking scenarios
being investigated (7,16). However, the performance
enhancement achieved by gsing the non-linear constant
turn~-rate model is not so significant as to justify
the increased computational burden associated with its
implementation over the linear Gauss-Markov model (11).
Therefore, a first-order Gauss-Markov acceleration
model was selected for this study. As in Rogers’'
four-state filter, this filter uses the Gauss-Markov
model developed by Mercier for the atmospheric jitter
process (10).

3.2 Acceleration and Atmospheric Models

Target acceleration and atmospheric jitter are
modeled as stationary, first-order Gauss-Markov
processes, generated as the outputs of first-order
lags driven by white Gaussian noises. The differential

equation describing such a process is 4
: 1
x(t) = - Zx(t) + w(t) (3-2)
and
E{w(t)} = 0

E{w(t)w(t+t)} = 202 §(1)

T

where

x(t) = the Gauss-Markov process with initial
conditions determined from a priori
knowledge of the process
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Throughout the development of this chapter, the
subscripts a, 4, and £, will be used to represent
atmospherics, dynamics, and filter, respectively.

For the atmospheric position, the correlation time
constant, Taf' as developed by Mercie: {10) will be
used. The acceleration time constant, Tdf' is a
parameter to be established during the off-line filter
tuning process although on-time estimation techniques
could be employed (13:Chapter 10). Equation (3-2)
serves as the stochastic model upon which the filter
is based.

3.3 State Space Model

The eight-~state filter will now be put into
state space notation. The dynamics model in each

direction is ]

. .
b -
- -
h

6df(t) = adf(t)

vrfTr,,f
Ve———
o

d..(t) = =1 a (t)+w, (t) (3-3)
S f —t
3
5 and
T
; E{wdf(t)} =‘0
- E{wge ()W (t+1)} = 20% 3¢ 6(1)
LI Taf
!
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d T = correlation time of x(t)

&3 w(t) = white Gaussian noise process

-

- 0 = root mean square value of x(t)
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where

Tdf = correlation time assumed for target acceleration
assumed target acceleration process variance

2
O4f

The atmospheric disturbance model in each direction is

iaf(t) = -% xaf(t)+waf(t) (3-4)
af
and
E{waf(t)} =0
Efw, e (t)w_ g (t+1)} = Zo;fs(r)
Taf
where

Taf = correlation time assumed for atmospheric
jitter ]

o;f = assumed atmospheric jitter process variance
Augmenting the atmospheric states to the dynamic

states, the propagation equation upon which the Kalman
filter is based is formed:

ke (t) = Fo(t)x (£)+G (£)w,(t) (3-5)
where

Fg(t)

time-invariant filter plant matrix

xe(t) = filter state vector
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X = azimuth position
X, = elevation position
x5 = azimuth velocity = il

X = elevation velocity = *2

~

Xg = azimuth acceleration i3

Xe = elevation acceleration = i4

azimuth atmospheric disturbance

Xg = elevation atmospheric disturbance

constant 8x4 noise distribution matrix

|
rm
|

4-dimensional white Gaussian noise composed

1€
h
~
ﬂ-
e
u

of W] = Waeo and Wy = wdfy as in (3-3) and

W3 = Var

and =
afx 2094 Wg =W

afy as in (3f4).

Substituting Equations (3-3) and (3-4) into Equatlep
(3-5) yields:
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0 0 1 0 0 0 0 0
13 0 0 0 1 0 0 0 0
o
1 0 0 0 Q 1l Q Q Q
3 . 0 0 0. 0 0 1 0 0
p xg () = xe (t)
! 0 0 0 0 -1 Q 0 0
: T
4 df
: o 0 0 0 0 -1 0 0
- OIJ

daf
;‘ 0o 0 0 0 0 o0 -1 o0
T
af

6o 0 0 o0 0 o0 0 -1
Taf
[e
f’ — -

0 0 0 0

0 0 0 Q

0 0 0 0 le(t)-
0 0 0 o |wy(t)

1 0 0 0 w3(t)

0 1 0 0 w4(t)

Lo 0 0 l.J (3-6)
r
]
@ where wl(t) through w4(t) are zero-mean, independent white
a Gaussian noises with

T =

' E{we (t)we(t+1)} = Q6(T)
r
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:c ZOéf 0 0 0
Tag

: ] 203¢ O ]
: 8 = Tat

0 0 Zogf 0

Taf
0 0 0 Zo;f (3-7)
Tag

3.4 State Propagation

The Kalman filter must propagate its state estimate
vector and conditional covariance matrix from one sample
time to the next. The standard propagation equations
for the case of zero control inputs over a sample interval

are:
& -
o‘- gf(ti+1 ) = Ef(ti+1:ti)gf(ti+) (3"8)

Po(t, ") = O (t, . rt:)Pe(t:T)OS(t, ,1st,) 4 (3-9)
=f£'i+l £ i+l CiT=f L TTEY il

% + L )G (T)Q (T)GE(T) T (t, ., T)AT

o SR A S R A A AL A AL TE

;

& where

&

g fe(t;,q,ty) = filter state transition matrix

E'd Ef(ti+) = conditional state covariance matrix

E' from measurement update at time t;

1 gf(ti+1-) = conditional state covariance matrix

L. | propagated from time t; to t. .,

55

4

"

[




~—— T

MO Al a0 B S £s Sl i o Mgt d

i

oy e T T
-

T

—p— p——

Q¢ = noise covariance kernel description

as defined in Equation (3-7)

The filter state transition matrix, if(ti+l'ti)' must
satisfy the differential equation

(3-10)

over the interval (ti’ti+l)’ with initial condition

Sl t;) =1 (identity matrix)

In this application, the plant matrix gf is constant

and the fixed sample period results in a constant state
transition matrix, gf(ti+1'ti)' for all sample periods.

Thus,
Seltivrrty) =
where
A= Ty
B = Tar

1 0 At
0 1 0
0 0 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

L

At 1433

LT aF af

[ _cAt

L}-eEE;]
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1
0 0 0
A 0 0
0 0 0
B ‘o 0
0 0
'%E— 0 0
af  _,t
0 e=— 0
T
af -At
0 0 o
a
J
(3-11)
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At = (t, ,-t.)

i+l 7i

The solution to the integral term of Equation (3-9),
gfd, which represents the growth in uncertainty due to
dynamic driving noise since the last measurement update

becomes
=
Q11 0 Q13 0 le Q 0 0 W
0 Q, O Q3 O Q5 O 0
Ql3 0 033 0 035 0 0 0
Qfd _ 0 Ql3 0 Q33 0 035 0 0
le 0 035 0 055 0 0 0
0 le 0 Q35 0 Q55 0 0
0 0 0 0 0 0 Q77 0
0 0 0 0 0 0 0 Q77
— J
' (3-12)
where
]
- ~2 3 _ 2 2_ 3 . =At
3
3 ~-2At 4
+ (2)(Tdf) (At)-(Tdf) (e;— Tdf)+Tdf

ol¢ [('r o (a0 24(2) (140 2 (a1) (e—d;wr -(2) (T4¢) (3

=24t
(2) (T4 2 (At) +(Typ) > (B22E Tdf)]

Q 2, =2At
15 = o2, [( 2) (Tg¢) (B8) (e—d—)wdf - (Tge) (ei-d—f)]
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b Q33 = czf [(2) (Tgg) (At)-(3) (Tdf)2+(4) (Tge) (e ) (T g¢) 2 z28t 23:)]
tﬁ | Q5 = Oéf: ag=(2) (Tg¢) (e-;)+('r £ (eg_f;_;i]
e u[#]

Qy4 = 03¢ }--%i: .

Note that Q5 = Q1+ Q4 = 233+ Q6 = 55+ Qg = 777
Q24 = 013. Q26 = Q50 Q46 = Q35- For development of
the noise covariance matrix, Equation (3-12), see
Appendix B.

The matrix of Equation (3-12) is constant for a
given sample time and fixed Taf and T,¢- The values
of adf and o;f of the Equation (3-7) can either be
determined offline during a filter tuning process or
adaptively in real-time although in this instance U;f
was always determined offline. This tuning process is
used to.select the values of these parameters which
optimize tracking performance, optimum in the sense that
the mean square tracking errors are minimized, for specific
scenarios. Equations (3-8) and (3-9) propagate thé
filter states and conditional covariance forward to the
next sample time. Once the predicted states for the next
sample time are calculated, the estimates of the target's
position in azimuth and elevation are fed back to the

.
R
[ B .

controller. The controller then positions the center of

the FLIR field-of-view at that predicted location by the

next sample time. Since the filter assumes that the FLIR
is centered on the true target position, the state

ettt SN O AR AN ',:‘, M

ey

¢ estimate prior to the measurement update is

b .

t R’ - 0 o A A ~ A ~ T 3
{ 2(tin) [- xvelyvelxaccxatmosyatmos:] (3-13)
L
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i.e., i(ti+l-) of Equation (3-8) with the first two
components zeroed out.

3.5 Measurement Update Equation

The two-dimensional discrete-time measurement vector
generated by the correlation algorithm, g(ti), is a
linear combination of the state variables of interest,
i.e. the apparent target intensity function's true position
corrupted by uncertain measurement disturbance, v(t;).
Thus,

where
g(ti) =ch = the estimated x and y coordinates of the
Lyc centroid of the target intensity function
as estimated by the correlation algorithm
gf(ti) =11 000001 0j]= linear combination of the

01000001 . .

L state variables Whlsh
contribute to the measurement
elements

ve(t,) = additive noise assumed to be white Gaussian

with statistics:
E[ve(t;)] =0
Evg (e ve(e5]] = Re(t)6,

The measurement information, g(ti), is incorporated by
the Kalman filter using the standard update equations:
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Re(E]) = Re (£ V4K (t,) {2 (£) ~He (£)R (£ 7))

+ - -
Ef(ti) Ef(ti )‘Kf(ti)ﬂf(ti)gf(ti ) (3-15)

where

state estimate and conditional
covariance obtained from Equations
(3-8) and (3-9)

gf(ti) = Kalman filter gain '

Bf(ti) measurement uncertainty covariance
matrix as determined from a
statistical analysis of measurement
errors (see Chapter 4) and assumed

constant for off-line tuning

For a detailed development of the Kalman filter equations,

see reference 12.
¢

3.6 Q Estimation

Online parameter estimation techniques are often used
to improve the quality of the state estimates when
uncertain parameters exist within the system model or
noise covariances. Although a variety of estimation
techniques are available (13: Chapter 10), a self-tuning
Q, adaptation technique was chosen since all of the
information required to implement this estimator is
available from the Kalman filter equations, and the
computational loading incurred by implementing this method

is substantially less than the other estimation techniques
referenced.
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The estimator is developed as follows:
Po(t,”) = o (t.,t,_ )P (t, 1eT(t,,t, ,)+Q . (t. )  (3-16)
=f£'"i —f£ i’ Ci-1'=f ' "i-1 T=f£ i’ Ti-1l' =fd" Ti-1

and

+)=

Pelty ) = Belty )=Re(t;)He(t;)Pe(t; ) (3-17)

Solving Equation (3-16) for B(ti-) yields
- + _ i
Pelt; ) = Belt; ) +Re (e, He(£;)P (k) (3-18)

where the gf(ti)gf(ti)gf(ti-), term is preserved intact
because it will be estimated on the basis of observed
residuals. Setting Equation (3-18) equal to Equation
(3-16) and solving for Qfd(ti) yields

— - + - Y

+, T

The only term in Equation (3-19)not readily available
from the filter is the first term. To obtain this
information, rewrite the state update equation, Equation
(3-15), as

(e, ) -Re(,7) = Ko (€0 (t)) = dxle,) (3-20)

An estimate of E{Aﬁ(ti)AE?(ti)} may be obtained by invoking
ergodicity to replace the ensemble average with a single

¢ sample time average:

Kﬁ T 1 T

g E{Ax(t;)8x"(t,)} A1l Z {Ax(t,)dx ()}  (3-21)
4 N j=i-N+1 J )
F“‘

g

' -

é
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Assuming steady state filter operation, the residual
sequence, Ag(ti), can be shown to be a white Gaussian
sequence with zero mean and covariance gf(ti)gf(ti)gf(ti-)
(12:229):

i
- T
K (t,)H_(t.)P_(t, )=1 L {Ax(t.)Ax (t.)} (3-22)

Substituting Equation (3-22) into Equation (3-19) gives
Qey(t;) as:

i
~ T +
Qc.(t.) =112 {Ax(t.)AX " () 4P (L. )
=fa 1 ﬁ j=l-N+l — j Pl 3 —f i

+ T
=Rty )Pt )0e( it ) (3-23)

However, rather than averaging over just the first term,
this can be approximated by averaging the entire relation
over the most recent N sample periods:

~ i T +
Q.,(t.) =1L {Ax(t.) x (t,)+P_(t. )
=£d° "4 N j=i-N+1[ =3y =3 =f

-gf(tj,tj_l)gf(tj_l+)g£(tj,tj_;J ! (3-24)
This can also be viewed an an approximated maximum
likelihood estimate of gd to be achieved simultaneously
with state estimation (13:Chapter 10).

To reduce data storage requirements, a fading memory
approximation to finite memory averaging was employed
(6:86):

Deqlty)
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where

gfdl(ti) = the single summation term in (3-24)
corresponding to time tj = ti

o = a parameter which essentially controls
how long o0ld estimates of Qfd are maintained,
i.e., the length of the effective memory
in the fading memory

In Equation (3-24), setting a = 1 would use only the

old gfd(ti-l) and ignore the current data, w?ile setting
a = 0 would result in ignoring all previous gfd estimates.
Therefore, a low a value implies that little useful
information is believed to be contained in the previous
estimates, while a_high o responds slowly to current
estimates. Typical values for a are

0.7<a<1.0
Note this is the same fading memory technique employed

in the "Exponential Smoothing of Data" algorithm shown in
Equation (1-4).
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IV. Methods of Correlation

4.1 1Introduction

The extended Kalman filter has been shown to perform
well in comparison to standard correlation trackers when
the filter was provided valid a priori information about
the analytic form of the intensity function (8).

However, without this a priori information the benefit
of implementing a high-dimensional measurement extended
Kalman filter is greatly reduced. Additionally, the
correlation algorithm is computationally easier to
implement. Consequently, this section explores four
correlation methods for possible implementation as

data preprocessors to generate a two-dimensional FLIR
target image centroid "measurement" to the linear Kalman
filter described in Chapter 3.

The correlator in this tracking system is used to
generate estimates of position within a noise-corrupted
data frame using the estimated intensity function,
h(gf(ti-),ti), generated by the data processing algorithm
as its template. The template has been positioned with
gf(ti-), as propagated by the Kalman filter from time
ti-l' Additionally, controller action is taken to zero
out the first two components of gf(ti-)' i.e. the filter's
estimation of where the true target dynamcis will place
the target at the next sample time, or

9 T

vel fvel ﬁacc acc Ratmos 9atmos}

where the components are evaluated at ti-. The incoming
noise-corrupted measurement is then received at ti and

is correlated with the template to determine the point

of maximum resemblance between the two data arrays.

The distance from the center of the template to the point
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of maximum correlation, as estimated by the correlation
process, in the x and y FLIR directions can be considered
as an indication of the error in the Kalman filter's
estimate, gf(ti-), of the target position, or as a
pseudomeasurement of this position, Thus, the offset

distances in the x directions are incorporated

FLIR 274 YFLIR
by the Kalman filter as measurement data to provide a
better estimate, gf(ti+), of the true target position.
The filter propagates the state estimate forward to the
next sample time and the template is repositioned at
that location with gf(ti+l-) for correlation with the
next measurement. This method will enhance the performance
achieved by standard correlation trackers because:
a) the data processing algorithm, which provides the
correlation template, yields a better representation
of the target's true intensity function than raw data used by
correlators, b) the Kalman filter statistically characterizes
known errors in the correlation process to provide a
better estimate, and c¢) the XKalman filter exploits
knowledge of target dynamics and atmospherics to position
the template for incorporation of the next measurement,
whereas this information is not used in standard
correlation methods.

In this chapter, several methods of computing the
correlation between the two data arrays are considered
and a performance analysis of the most promising methods
is detailed. This analysis considers the rerformance
of the correlation algorithms against targets exhibiting
both single and multiple hot spots.

4.2 Image Resolution

A fundamental requirement for any of the correlation
methods under consideration is that the images to be
correlated must have the same spatial resolution. 1In
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this research, these two images are the 8x8 FLIR
tracking window, and the 24x24 template array. The

area of a pixel in the tracking window is the same as
the area of a pixel in the template, thus the two

images to be correlated have the same spatial resolution,
and no image preprocessing is required. The 24x24 template
is generated by the data processing algorithm (8), which
assumes that the finite data array is one period of an
infinitely periodic two-dimensional sequence. Padding
the tracking window with 8 rows and columns of zeros
creates a 24x24 array which is assumed to be one period
by the Discrete Fourier Transform (DFT). This padding
insures that the infinite periodicity assumption will
not affect the results within the 8x8 tracking window.
If the spread parameter of the intensity pattern,c;,

is such that the height of the target intensity function
is approaching zero near the edge of the tracking window,
then padding the tracking window with zeros will not
adversely affect the results of the data processing
algorithm. In the situation where o; is such that
significant intensity magnitudes exist outside of the
8x8 array, then to pad with zeros would introduce dn
artifical edge in the intensity function. Thus, padding
with zeros is desired when possible as this will
accenuate the true intensity function without discarding
useful data. However, since for this application a

full FLIR frame consists of 300x400 pixels, the 8x8 data
array could be padded with noise corrupted data when the
spread parameter of the target intensity function is
such that there are significant intensity magnitudes
outside of the 8x8 tracking window (8:77-78).

4.3 Correlation Methods

. RS PrIPR CHUIER ST G S S SUIVE WIPR. S RS S Y ou el v W

a. Direct Method. The direct method is the classical
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approach to determining when two signals match. Consider
the two functions shown in Figure 22.

fl(t) fz(t)
AN . N

e

—ry

L

Figure 22. Functions to be Correlated

The correlation integral is defined as

©o

& clr) = [ £ (t)E,(t+T)at (4-1)
. -0
[
§ Where 1 is allowed to take on values from -« to +=,
E- The correlation peak is defined to be the point where the
r two signals most closely match, which occurs in Figure 22
at 1 = tz-tl.

For discrete signals, Equation (4-1) is approximated
& by
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C(p) = TZ fl(t)fz(t+T) (4-2)

n=—ao
where
£.(t) = £ (t)l
1 1 t=nT
£.(t) = £,(t+T1) )
2 2 t=nT
T=pT"

]
I

sample time

As T becomes small, the result of Equation (4-2)
approaches (4-1) and the p which makimizes C(p) is defined
as the corelation point. With the two-images to be
correlated as shown in Figure 23, the two~dimensional
discrete correlation algorithm is (14:17-20):

K
§=1§1(XIY) 92 (x"'P:Y"'Q) (4-3)
for

0<p< XK

0<q< YL

(Note: In this instance since the ﬁl array is of smaller
dimension than the gz array negative values of p and q
are not required which corresponds to the tracking window
being of smaller dimension than the template.)

Since in this research the 8x8 tracking window is
padded either with zeros or noise corrupted data, the
corrdinates of the pixels in the tracking'window to be
correlated range from 9-16 in the x and y FLIR directions.
Equation (4-3) then becomes {14:20}

68




¢

f

d
array G

array G,
(p,q) = (0,0) {

L

L

K= * =

- X —

Figure 23. Arrays to be Correlated

R(p,q) = 1 % 8
y=1 x=1
for
4 <p <12
4 <gqc<12
where

69
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gl = 8x8 tracking window within padded data array
ﬁ - G, = 24x24 template

i d in Fi 24.
This is pictured in Figure 24 padded FLIR

window data

! f 1 : r_‘ array
. q l/r—-—-‘template
K-
[ ‘—p - 7:
8
e g
tracking 24
window
4
b4

‘e (3 | 24 A

Figure 24. FLIR and Template Arrays

q

b Equation (4-4) is referred to as the direct correlation
method (14-20). Notice the range over which p and q are
allowed to vary. A total correlation of the two arrays

|
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2 . would have p and q range from 0 to 16. However, if the
[ target intensity function is outside of the 8x8 tracking
E! window no useful measurement information will be
contained in the incoming data, and the tracker is
considered to have lost the target unless the size of

g the tracking window is expanded (a possibility not

*! explored in this research). Recall that the template

. which contains the estimated intensity function offset

by the atmospheric states is generated via the data
processing algorithm from the measurement arrays which

-

have been padded with 8 rows and columns of either zeros
or noise-corrupted data. Therefore, to perform a
correlation outside of the p and q region shown is
equivalent to correlating the incoming data array with

EY either zeros or smoothed noise. In either case, a

' correlation match in this area indicates the incoming
array contains no useful information, i.e. target

_ track has been lost. For this reason, correlation in

F‘ !1? the region outside of the chosen p and q bounds was not

] performed, thereby reducing the computational loading of
L-

 : the algorithm. :
Equation (4-4) can be normalized so that the ?

calculation of correlation points is insensitive to
magnitude values and depends solely on the pattern of the
8x8 arrays within the template (14:20). The normalized
correlation function, RN(p,q) is:

8 8
RN(p,q) =1 L G, (x+8,y+8)G, (x+p,y+q) (4-5)
y=1 x=1
8 8 8 8 b
I L G(x+8,y+8) |} X I G,(x+p,y+q)
y=1 x=1 y=1l x=1
for
4 <p <12
4<qzg12

3
[ 3
)

g
¢
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Thus, Equation (4-5) defines the normalized direct
correlation method implemented in this research.

Actual implementation of Equation (4-5) requires
the signals of template and the FLIR data be digitized.
The process of digitizing a continuous signal consists
of two distinct steps. The first is the sampling of
the signal at discrete intervals, the second is
quantization. The truth model provides the sampled
signal in this instance. Two separate quantizers were
implemented to evaluate the merits of using a low-level
quantizer which is readily implemented versus the
performance enhancement achieved by using a higher-level
quantizer, with its associated increased computational
burden. The input-output relationship for the two
quantizers chosen is shown in Figure 25.




For the two-level quantizer, a pixel within the array

is assigned a value of +1 if the intensity for that pixel
is above the mean intensity level, and the pixel is
assigned a value of -1 if the signal is below the mean

intensity level. The mean intensity values, Ei and aé(p,q)
are determined by:

8 8
G, = 1 = I G, (x+8,y+8)
1 (8) (8) y=1 x= 1
= 8 8
(p,q) = 1l & I G,(x+p,y+q)
27 (8) (8) y=1 x=1 2

Thus, Equation (4-5) becomes (14:32)

8 8
Ry (p,q) = ifl §=1 9y (x+8,y+8) g, (x+p,y+q)
64 (4-6)

for

4 <p <12

]

4 <gqg<1l2

where

gl(x+8,y+8) = value assigned to Ql(x+8,y+8) element
after quantization

- gz(x+p,Y=q) = value assigned to gz(x+p,y+q) element
after quantization

3 As shown in Figure 25b, the six-level quantization

i process requires the additional calculation of the variances
¢ of the input signal, o, for Gl(x+8,y+8) and Gz(x+p,y+q).

- - Optimum values in the sense that they minimize the variance
¢ 73
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of R, (i.e. minimize the loss in the signal to noise
ratio due to quantization(l4:28) ), based on research
detailed in ref 14 are a = 3 and b = +6 for v,/q = $0.6
and vz/c = *1.4. Thus, the quantized value, g, is
assigned by:

v < -1.4; g=-6
g
-1l.4 <v <-0.6; g=-3
o
-0.6 <v<0; g=-~1
g
0 <v<0.6; g=1
o
0 <v<1l.4; g=313
a
1.4 <vig=¢6
g

where

v = (Intensity value for a particular pixel-mean
intensiti value for the data array.) ’

For the six-level quantizer Equation (4-5) becomes:

8 8
(pyq) =L L {g,(x+8,y+8)g, (x+p,y+q)}
Ry Se1 ge1 01 2

8 8 2 8 2 3
I I gy(x+8,y+8)] L I g2(x+p,y+q)
=1 y=1 =] y=1

(4-7)
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The values of p and q which maximize RN is the correlation
point.

b. Fast Fourier Transform (FFT) Method. Since the
arrays to be correlated are two-dimensional, rotating one
array 180° and taking a convolution is equivalent to
performing a correlation. The convolution has the useful
property that its discrete Fourier Transform is a simple

product of the Fourier Transform of the two image arrays
(15:5). This method substantially reduces the number of
steps required to calculate the correlation. The FFT can
be used to calculate the cross-correlation as shown below.

FFT{G, (x,y)} = gl{fx,fy} (4-8)
FFT{G, (x,y)} = gz{fx,fy} (4-9)
L] L] *
FFT{(G, (x,y) "G, (x,¥)} = gl{fx,fy} Qz{fx.fy} (4-10)

where

G, (x,¥) "G, (x,y) = cross-correlation of two-dimensional
spatial sequences gl(x,y) and gz(x,y)

*
EZ{fx'fy} = complex conjugate of Fourier transform
of sequence G, (x,y)

FFT = Fast Fourier Transform

By taking the inverse FFT, FFT-l, of Equatior (4-10),

the cross-correlation of the two-dimensional sequences
gl(x,y) and gz(x,y) is obtained (8:53,54)

R(x,y) = G (x,¥) "G, (x,y) = FFT NG, (£,,£) "Gy (£, ,£)}

(4-11)
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where

R(x,y) is the result of the correlation

c. Phase Correlation Method. While the FFT method
is the simpliest and most readily implemented correlation

technique, it possesses the undesirable characteristic
of detecting false peaks, especially if the FLIR image
is of high brightness while the template is of lesser
brightness. The problem stems from the relative
magnitude of the intensity of the sub-elements (14:22).

The phase correlation method, which reduces the
false peak effects of the cross-correlation, is given
by (14:22): .

1

Rb‘l(x'y) = FFT :'.-G-l(.fx',fy):..g;(.fx"fy.) (4-12)

- *
|_G_1(fx.fy) gz(fx.fy)]

where

* *
]gl(fx,fy) gz(fx,fy = magnitude of C_;_l(fx,fy) -G-z(fx'fy)

Rﬁ(x,y) = result of normalized correlation process

This is essentially a point by point normalization in
the frequency domain. Due to the normalization, the
magnitude effects which lead to the false peaks using
the FFT method are reduced and more dependence is placed
on the pattern of the data points within the two arrays.
However, some of the computational advantage realized
by using the FFT method will be lost. The computational
loading incurred by using this method will be examined
during the performance analysis.

d. Sequential Similiarity Detection Algorithm (SSDA).
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Another method considered was the Sequential Similiarity
Detection Algorithm. In this method, the absolute value
of the difference between corresponding pixels of 91

g

and G,, for each p and q, is calculated and the result
is defined to be the SSDA registration surface shown in
Equation (4-13).

L .

K .
Elpal =2 I |6 (xi¥)-G (x+p,y+q) | (4-13)
x=1 y=1 2

for

»

R* Satsan— go

where

"Ql(x,y)-gz(x+p,y+q)l = absolute value of the
difference

The registration point, which corresponds to the cdrrelation
point in the previous methods, is defined as the point for
which E(p,q) is a minimum. Note this is not a true
correlation technique since Equation (4-13) is not directly
related to Equation (4-1). This method was not implemented
as analysis has shown that two-level quantization of the
SSDA method is equivalent to two-level quantization using
the direct method, and for all higher quantization levels,
the direct method out performs the SSDA (14:46).

However, for actual implementation of a two-level quantizer,
hardware considerations may cause the designer to select
this method.
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- The magnitude of the components of the sequence
R(x,y) is a measure of the degree of resemblance between
the template and the FLIR image data where the peak
location is used to indicate the amount of offset
between the two arrays that result in the highest degree
of resemblance. Thresholding is a technique often used
to suppress lower peaks~in the correlation, (Note:

In the direct method, the quantization process accomplishes
essentially the same function thus thresholding was only
employed for the frequency domain correlation methods.)
During the thresholding procedure, each element of the
R(x,y) sequence is examined to determine if the value

for that element is below some preselected fraction of
the maximum valued element in the sequence. If the
element value is below that minimum point, then that
element is considered to have poor correlation and is

set to zero. The result is that such elements will

have no effect on the computed offset between the template
and FLIR data. Figures 26 and 27 show the effects of
thresholding as a result of setting the threshold value
to .3 and .5 of the maximum valued element respectively.
These cases were conducted under indentical condiéions
using the FFT method where the data array was offset

from the template by +.15 pixels in the x and y FLIR
directions. After the thresholding process has edited
the results of the correlation, a center of mass
calculation was used to determine the peak of correlation
between the two arrays, see Equation (4-14). These plots
show the errors in the calculated offset between the

two arrays for 1000 cases where a zero error in the plot
indicates the correct offset was achieved. As shown in
Figure 27, a higher threshold locates the true offset
more often but false peaks become prominent. Physically
this can be explained by examining the correlation
function of this method. For demonstration purposes,
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assume Figure 28 is the result of a correlation using
the FFT method.

f —“\"_=<_7 - = high threshold level

e . - - - -

low threshold level

Figure 28. Thresholding (FFT Correlation Method)

/

As shown, a high degree of correlation lies to the fight
of the main peak. However, as the theshold is raised,
this information is deweighted because the thresholding
procedure sets these values to zero and the smaller

peak to the left of the main peak becomes weighted more
heavily. When the center of mass calculation is used

to determine the peak of the correlation function the
result will be an estimate which is incorrectly biased

to +*he left. Thus, when using the FFT method the threshold
must be set low enough to avoid this effect. However,
due to the normalization process the correlation function
generated by the phase correlation method would be as

8l
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shown in Figure 29.

threshold level

> x,y

Figure 29. Thresholding (Phase Correlation Method)

Therefore, using this method, a better estimate of,the
true peak of tlie correlation function can be obtained by
raising the threshold level and then calculating the
center of mass.

Once the thresholding method has edited the results
of the correlation, the point of maximum correlation must
be located. Derivative-based peak detectors, i.e. a
method which locates the point of zero slope can be used
for this purpose. However, because the location of the
point of maximum intensity could be rapidly changing
on the FLIR image plane, as when the aircraft being
tracked executes a snap roll, it was felt that these
type detectors might often misinterpret a local peak as
the global peak. Therefore, a centroid summation
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technique was selected to locate the center of mass of
the edited two-dimensional cross-correlation sequence,
RT(x,y) or RN(p,q). ' This method assumes that the center
of mass of the thresholded or quantized correlation
function is a good indication of the global peak location.
The centroid summation used is defined in either the
vertical or horizontal direction as (8:63):

1*Amp, (4-14)

where
i = vertical or horizontal pixel coordinate
Amp = amplitude value for that element
N = total number of pixels in the array

For example, to locate thé center of mass of the
correlation function in the horizontal direction, the
horizontal coordinates of all of the elements of the
RT(x,y) sequence would be multiplied by their respective
amplitudes and their products summed. The centroid's
horizontal coordinate is then achieved by dividing that
summation by the sum of all the amplitudes in the
RT(x,y)'sequence. The same procedure is then applied
in the vertical direction. The result is that the
coordinates of the center of the correlation function
in both directions from the center of the template is
produced.

4.5 Analysis of Correlation Methods
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This section analyzes the errors in the position
estimates generated by the four correlation methods
previously discussed. The statistical data for the
one and three hot spot cases is presented first,
followed by a discussion of each methods's performance.
The position estimate generated by the correlation
algorithm will be the me;surements provided to the
linear Kalman filter which will provide a better
estimate of the target's position. The two-dimensional

3 discrete measurement vector, z(t;), is incorporated
FI by the Kalman filter using the Equation (3-14).

Software was developed to test each of the correlation
algorithm's position estimate, and statistical data and
histograms of the resulting errors were gathered. For

the cases to be discussed the centroid of the intensity
was offset from the template by .15 éixels where this
distance was selected as being representative of the
propagation error. Simulated background and FLIR noise
([‘ was added as described in section 2.4, and 1000 runs
were made to gather the error statistics. As previously
described, the errors were calculated so that if t?e
correct offset was estimated a zero error is shown on the
histogram, and any deviation from zero is the error in

. o AP A ey ————
. R R '
e e .

the estimate in pixels. 'The estimated offset errors were
placed into bins .0l pixels wide, and the plots show the
number of times the estimated position fell into a

particular bin. (The bins were calculated from the mean
error to a distance of the mean error + .2 pixels where

it was assumed the majority of the errors would fall.)

Thus, while the area under all the curves has to be

1000 pixels, the total area will not appear on the histogram
if the calculated offset was more than .2 pixels from the

DAL A JCL I S A S s It Lt AL AL g
S

mean offset error. Table 1 shows the correlator errors
for single hot spot targets where the centroid of the
] - intensity function was truly offset from the template by

¥ 84
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.15 as previously discussed, and the histograms for these
cases are presented in Figures 30-33. (Note the scale
in Figure 33 is times 10.)

Table I. Correlation Errors (Single Hot Spot Target)

Correlation |- - ]

Method *err 9% err | Yerr cy err | Time (sec)
Direct

2-level -300283 .14995 { -.01012| .14875{ 255.939
Direct

6-level -.06730 | .13697 | -.07024 | .13510 | 365.109
FFT

Thresh=.3 -.00113 | .13262} -.00117} .13374 ]| 271.862
Phase

Thresh=.7 -.00091 | .27046 b,.00166 .27581 | 281.344

’

where

—

xerr’yerr -~ mean error in the estimated offset in the

x and y FLIR directions respectively

(o} ~ standard deviation of the errors in the

x'err'oy err
x and y FLIR directions respectively

Time - total computer simulation time for 1000
runs where all parameters were identical
except the correlation methqd employed

The threshold values used for the FFT and phase correlation
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methods were chosen as the best values to implement based
on a comparison with other trials where various thresholds
were used. The threshold value which produced the smallest
rms error was chosen,

An error analysis was also conducted for the three
hot spot target cése. As in the previous simulations,
1000 runs weré used to géiher the statistical information.
The results of the three hot spot cases are shown in

Table II.

Table II. Correlation Errors (Three Hot Spot Target)

Correlation| — - .

Method Xerr 9% err Yerr % err Time (sec)
Direct -.03304! .04116 | -.01798 | .10846 | 306.268
2-level

Direct -.08426| .04770 .01754 | .03696 | 400.785
6-level 4

FFT -.00053| .03858 .00225 | .05428 | 319.056
Thresh=.3

Phase .00058| .09854 | -.00422| .27691 | 325.461
Thresh=.,7

The histograms of the three hot spot cases are shown in |
Figures 34-37. (Again, in Figure 37 the scale is times 10.)
For the three hot spot cases, the difference in errors in the
x and y direction is due to the location of the three

target intensity profiles. The centroids of the intensity
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profiles were located so that if the center of the 8x8
pixel FLIR tracking window was located at coordinates
(0,0) then the target centroids would be at (0,-2,667),
(-2,1.33), and (2,1.33). This spacing means the center
of mass of the intensity profiles is at (0,0) but the
resultant intensity profile is not radially symmetric
about (0,0). In order té insure these statistics were
representative of the true correlator errors and not

of just one particular offset distance chosen, which may
have enhanced or degraded the performance of a particular
correlation method, evaluations were conducted for othex
offset distances between the target and the template.

The error statistics for these cases, not shown, verified
that the cases presented in Tables 1 and 2 were representative
of the performance of the correlation methods.

Tables 1 and 2 and Figures (30-37) were analyzed to
determine which correlation methods were best suited for
implementation with the Kalman filter:

a. Direct Method: (two-level quantization): This is
clearly the fastest of the four correlation methods
considered. ‘For the one hot spot case its performqrce
is comparable to the other methods with errors which
could be modeled as Gaussian. However, the mean error
of this méthad increases from the one to three hot spot
case, which is not surprising since this method only
catagorizes the intensity values as above or below the
mean intensity levels. Thus, when there are three

hot spots of the same maximum intensity on the FLIR plane,
this method has difficulty determining the global peak.
This accounts for the erratic nature of the errors in
Figure 34. 1In the x-direction, where the intensity
pattern is symmetric, the method performs well, However,
in the asymmetric y-direction, there are peaks around 0.0
and .15 pixels indicating the method is finding the
global peak at times and is misinterpreting the peak of
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one of three hot spots as the global peak at other times.
To model these errors as Gaussian would be questionable.

Based on the performance degradation in-the three hot spot

case, this method was not implemented. However, if
computational loading is the driving factor, this method
could become more attractive.

b. Direct Method (six-lével quantization): The performance

of this method is comparable to FFT and phase correlation
method with errors which are well modeled as Gaussian.
The correlator performs extremely well in determining

the peak in the asymmetric y-direction in the three hot
spot case. However, the computational loading associated
with this method, while gaining no real performance
enhancement over the FFT and phase correlation methods,
is too great for this method to be considered for
implementation.

c. FFT Method (Threshold = .3): The threshold was set
low while using this method to avoid the appearance of
false peaks which lead to a biased estimate. (Figure 27).
This correlator performs well with errors, in both

the single and multiple hot spot cases, which are well
modeled as Gaussian, and in almost all instances, ﬁas

the smallest standard deviation. The results of this
analysis are consistent with the analyses performed

by Rogers  (8: Chapter V) and this method was implemented
with the Kalman filter.

d. Phase Correlation Method (Threshold = .7): As
expected, this method substantially reduced the biasing
which can occur in the FFT method with the histograms
appearing as a spike. However, the computational
increase is not substantial. Noting the large standard
deviation of this method, the errors committed cannot be
well represented as Gaussian which may potentially cause
problems. However, because this method does consistently
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locate the true global peak of the intensity function,

it was implemented with the Kalman filter and a comparison
] of the tracking performance of this correlation method

and the FFT method is presented in Chapter 5.
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V. Performance Analysis

5.1 Introduction

This chapter presents the tracking performance of
the correlator/Kalman filter when evaluated against the
trajectories described in Chapter 2. The first section
of the chapter gives an explanation of how the statistics
used to evaluate the tracker's performance are computed.
The next section of the chapter discusses those parameters
within the computer simulation which were changed to
evaluate the tracker's performance under various conditions.
The third section of the chapter discusses those parameters
within the correlator/Kalman filter which can be adjusted
off-line in order to enhance the tracking ability of the
filter. The final section of the chapter condenses the
results of the tracking performance into tables. The
statistical information of this chapter was generated
using Monte Carlo techniques (12:329). Based on previous
variance convergence analyses (6,7), 10 Monte Carlo runs
were determined to be sufficient to generate sample
statistics that are representative of the true process
statistics, and therefore, 10 runs constitute one Monte
Carlo study. Each single run consisted of a 5 second,
or 150 sample period, simulation.

5.2 Tracking Ability

The errors of primary interest, with respect to the

tracking ability of the filter, are errors in the

; + +
estimated values of ﬁd(tz), 9d(tI). R3(t;), and P4(t5).
Additionally, since the propagated estimate of the intensity

. . - - .

centroid's location, xpeak(ti+1 peak(ti+l), will
affect the correlation process, it is important to
estimate this position accurately. The mean error in the

) and ¥y
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correlator/Kalman filter's estimate for the x-dynamic
position can be calculated at any time t; by

R~ RARED
Z

E, (t) =11 {x;¢

N
(t)=x,. ()} =12 e, (t;) (5-1)
a N k=1 i’ Tat i = xd, ""i

k N k=1 k

where
E; (ti) = mean error (i.e. ensemble average error
d over all simulations) in the x-dynamic
position at time t,
X3f (ti) = filter estimated x-dynamics value at time

ti for simulation k

X3t (t,) = truth model, x-dynamics value at time ti
for simulation k

N = number of Monte Carlo runs

and the variance of the error is calculated as

N

. 2 =2
o2 (t.) = 1 I el. (t.)- N E2 (t,) (5-2)
X7 FT k=1 ¥ T FT %q &

{ Equations (5~1) and (5-2) can be generalized to calculate
P the errors in the other quantities of interest previously
p discussed. Additionally, time averages of the mean error
and variance were calculated over the last 1.5 seconds

. of the simulation. This time averaging interval was

. selected so that any transient effects caused by changes
in the target dynamics would have decayed. This provides
45 sample runs, to serve as an indicator‘of the tracker's

WAL a el o A

performance: time averaging these allows for a compact
presentation in tabular form.
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5.3 Variation of Truth Model Parameters

Parameters within the truth model are changed to
analyze the sensitivity of the correlator/Kalman filter
to changes in the "real world". The primary goal of the
research was to evaluate the performance of the tracker
against targets displaying the various dynamic profiles
described in Chapter 2. Thus, the 4 trajectories
previously described were the primary truth model factors
varied to evaluate the tracker performance. In addition,
variations were also considered in parameters defining

i- v vvi,'r*'w—vvj rﬁ~‘ F

the target intensity profile itself. To evaluate the
performance of the tracker when the strength of the
maximum target intensity value changes relative to the

PR

'

D A
95

background noise, the signal-to-noise ratio (SNR)
defined as -

s = Imax (5-3)
N OB
where
Ioax = maximum target intensity value ¢

Q
]

B rms value of background noise, including FLIR
noise contributions

is varied. For the multiple hot spot cases, the values
of the three Gaussian intensities were equal. Signal
to noise ratios of 20 (standard) and 10 were considered
as representative of realistic tracking scenarios.

The spread parameter, o;v, of the target's Gaussian
intensity profile(s) can be varied to evaluate the performance
of the tracker against sharply peaked (small o;v) or
broad (large O;V) Gaussian target intensities. However,
because the effects of varying this parameter were

previously investigated by Rogers (8:Chapter 6), a

RNy T Y
Tl T e e il .
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standard value of 2.0 was used throughout this research

(of course, o changed as a function of range to the

pVv
target within a given simulation). However, the target
aspect ratio (AR)

AR = %v

. 0'_
pv
was varied to evaluate the tracker's performance against
targets exhibiting different intensity profiles due to
varying the aspect angle.

5.4 Variation of Data Processing Parameters

Several parameters are available within the data
processing algorithm, upper path of Figure 1, which can be
varied to improve the estimate of the intensity function.
The 8x8 FLIR tracking window can be padded with zeros
if the intensity spread parameters, o, and apv' are such
that the target intensity height is approaching zero
near the edge of the 8x8 tracking window. However, if
these parameters are such that significant intensity
magnitudes exist outside the 8x8 tracking windows, then
padding with zeros would induce an artifical edge (see
Chapter 4). Therefore, the algorithm was structured so
the 8x8 FLIR window could be padded with noise-corrupted
data when necessary. Based on the results of Roger's
research (8:Chapter 6), and because in a dynamic tracking
environment significant intensity values may exist near
the edge of the tracking widnow, the FLIR tracking window
was padded with noise-corrupted data in this study.

Alpha, the relative weighting parameter for the
exponential smoothing process is the next parameter which
may be varied within the data processing algorithm. Equation
(1-4) displays the role of this parameter in the algorithm.
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The standard value used in this research was .05. This
value, which indicates that the target intensity profile
is essentially averaged over the most recent 20 sample
periods, was considered appropriate for targets whose
intensity projection was relatively constant. However, if
the intensity pattern on the FLIR image plane is varying
so that significant changés could occur within a 20-sample
period interval of time, such as for a target performing

a roll maneuver, increased emphasis should be placed on
the more recent measurements. The effects of increasing
alpha in this situation are explored.

Design parameters within the Kalman filter structure
are varied either off-line during a filter tuning
process or adaptively in real-time in an attempt to improve
the quality of the state estimates. The parameters in the
linear Kalman filter, developed in Chapter 3, which may
be varied during the off-line filter tuning process, and
the values of which may change for different target
trajectories are the target acceleration and atmospperic
jitter time constants, Taf and Tag? the discrete-time
noise covariance matrix, Qfd’ the strength of which may
be interpreted as a measure of the uncertainity in the
dynamics model being used, (i.e. how adequately the
assumed model represents the "real world"), the measurement
uncertainity covariance matrix, R, and the initial filter
covariance matrix, B(t,).

Based upon previous research efforts (6,8,10) the
assumed correlation time for the atmospheric jitter
position was set at .0707 sec. Using this value assumes
the effects of repeated poles shown in Equation (2-2) are
considered negligible. The variance of the atmospheric
jitter process was set at a constant .2 (pixelsz). The
diagonal terms for the g(ti) matrix were based on the
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statistical analysis of the correlation process detailed

in Chapter 4. The cross-correlation between the errors

in each of the FLIR image plane'directions in the correlation

process was calculated and proved to be small enough to

assume that the correlation position uncertainty estimate

in one direction is independent of the uncertainty of the

position estimate in the other direction, resulting in

a diagonal R(t;). Thus, the parameters which were used

to tune the filter to optimize filter tracking performance

were Tic and odf
For the type of targets being tracked in this research,

target acceleration time constants ranging from 1 to 4 secs

were used where a lower Tag is more appropriate for a

highly dynamic tracklng environment. Values of °df ranged

from 150 (pixels?/sec’) to 500 (pixels®/sec>

the type of trajectory being tracked, where odf was

) depending on

increased for highly dynamic targets. The wide disparity
in the values used for oéf and o;f directly reflects the
range of rms accelerations between benign versus harshly
maneuvering targets and their relationship with the jitter
rms value.

In the filter tuning process, the g(to) matri& is
set to reflect the knowledge of the conditions under
which the estimation process is to be initiated. Since
in realistic scenarios, the filter may very well receive
inaccurate handoff information from the target acquisition
source (such as a multi-~target search radar), the diagonal
entries of g(to) were purposefully set high to reflect this
handoff uncertainty. The appropriate values at which to
initialize variances on the main diagonal were determined
by observing the peak values of each of these terms during
the filter transient period. The variances on the main
diagonal, for position, velocity, and acceleration, were
10 (pixels?), 2000 (pixels?/sec?), and 100 (pixels?/sec?)
respectively. The initial values of the P(t,) matrix will
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be the dominant factor in the initial transient characteristics

of the filter (12:337). When tuning the filter, a useful
technique is to compare the value of the actual rms errors
committed by the filter to the filter's own representation
of the error covariance. The time histories of these
errors are available as the output of the Monte Carlo
simulation process used. By "matching” the filter's rms
estimation of its errors to the true rms errors committed
by the filter, an attempt is made to insure that the proper
relative weighting is given to the internal dynamics model
and the measurements (12:338-339).

5.6 Plotting Results

An explanation of the plots generated to depict the
filter's tracking errors are given in this section, with
the plots which served as the baseline case for the
correlator/Kalman filter being shown. The remainder of
the perfoimance plots are given in Appendix C. For each
run, ten plots were generated. The first two plots
show the filter-computed rms errors versus the actual rms
errors in the x and y dynamics positions. The next four
plots show the. mean errors in the x and y dynamics position
estimates + one standard deviation, beginning with the
first plot showing the filter's estimate at time minus and
the second plot showing the filter's estimate at time plus.
Similarly, the next four plots give the errors in the
filter's estimates of the centroid position at times minus
and plus. The case number on each plot is used to match
each run with the tables shown in the next section. By
referring to these tables, the trajectory, truth model
parameters, and filter parameters can be cross-referenced.
Additionally, a summary of the parameter values for each
case is given at the end of the chapter.

Referring to Figure 38a, it is seen that the filter
was intentionally set to overestimate its own errors,
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i.e., it was "conservatively" tuned. The reason for this
conservative tuning which is used to guard against
possible filter divergence is explained by referring to
Figure 35c. As shown, the filter mean error has a

e

transient characteristic which lasts for approximately
two seconds. In an attempt to minimize this transient,
the conservative tuning was used. The reason for this

B |

unexpected transient characteristic is not completely
understood. However, a discussion of possible causes is
included in the next chapter. Also note the filter was
given perfect knowledge of the initial conditions through
A +

5.7 Analysis of Filter Performance

Jf.vr 'i

P

The results of the filter's performance will be
presented in tabular form in this chapter and in graphical
form in Appendix C. The error statistics shown in the
tables are the temporal averages of the mean errors and
standard deviations from t = 3.5 to t = 5.0. For the
truth model parameters, the following standard values
were used unless specifically noted in the comment%
section of the table:

a) Aspect Ratio (AR) =1

b) Intensity Function Spread Parameter (o;v) = 2

c) Signal to Noise Ratio (SNR) = 20
« d) Maximum Hot Spot Intensity (Imax) = 20
Thus, combining ¢ and 4 above yields a rms background
noise value = 1.

. - | , The first line in the header entry for each of the

- tables gives those parameters which were used for filter

! tuning where Taf and oéf are as previously defined and

o is the exponential smoothing parameter shown in Equation

Tt g acy 4

i o L S S0 S S0 S S

e

(1-4). The truth model parameters which were often varied
from one Monte Carlo run to another are given in the second
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line of the header column. The first entry references
the trajectories defined in section 2.3. For trajectory
2 which is the pullup maneuver, the dynamics of the turn
(g-factor) are shown in the comments column. The second
entry gives the roll rate, w, for the run in rad/sec.
The final truth model entry in the header column gives
the number of hot spots (NUMHS) used for the run.
The statistics presented in the tables are defined as:

{.:
I~\'
14
R
LGS

X, = average of the mean error for the true
position in the x-~direction from t = 3.5
to t = 5.0 at times minus and plus
(similarly for §é)

ox = average of the standard deviation of the
true position in the x-direction from
t =3.5 to t =5.0 at times minus and
plus (similarly for 3?;)

o

CXg and ocx, = errors as defined above for the centroid

position (similarly for cy, and ocy,)
s

5.8 Evaluation of Correlation Methods

- Based on the analysis of the correlation methods

} detailed in Chapter 4, the FFT and phase correlation

‘ methods were incorporated into the tracking algorithm,

- to evaluate the performance of each in a tracking environment.
The correlators were evaluated under a benign tracking
environment, trajectory 1, against targets exhibiting
both single and multiple hot spots. The results of the

- performance evaluation are shown in Table III. For the
B single hot spot case, the FFT method has a smaller mean
error the the y-position, while the phase correlation
method produces better mean estimates in the x-direction.

g 116




P

z6c’ | & X 2 T8¢° 262’ z6e’ 6€E"’ cog* sTIt"* €/0/1| 30D ®9seuUd
/6S0° /890" /8S80° /€90° /6€T° /861" /8S¢* /98Z° 160°’0ST’S°€ y ®s¥D
990" gLT® 961" oLT” - 990° 6L’ 13 A% 091° €/0’'T X0 Ldd
/900° /ST0° /s00° /010" /L00°~] /2G0° /EIT® /ZhT° {G0°“0ST’S°€E £ 9s¥)
rA-1 X hmﬁ. LTE"® 9z¢"° 88¢"° So¥y-° | £ vye* T’0’T| 0D 3seyd
/801" /811" I80T° /TIT" /06T°~-]| /vET"=- ] /0L0°- | /EVO*-]G0"*‘0ST*S" € ¢ 9s¥)
122 A4 A 06T’ 1t A 91IT* Loe’ Z9T1° LLT® T/0°'T X00 LJdd
/600°-| /000°° | /0TO°~| /900"~ /600°~| /€S0° /%071 /Z¥T° {G0°‘0ST’S°€E 1 8se)
(+) 200 |(-)%Ko0 | (+)°&0 | (-)%&0 [(+)®x00 [(-)®x00 [ (+)°%0 | (~)®x0
()% /(1252 7(9)3K| 7(=1%&)/ ()% |/ (-)%x0 | /(#)°% | /(=)%2| z0pPEeR | s3uewmo)
(SHWON ‘®3ed TTo¥ ‘Ax030sfexy) _ J—
S3TNS9Y 2OUPWIOFIDG IOIRTIIIO) °III STqel
........ et ,-. . “

’

~‘. . R . L)
el e A A A8t A Fiea Am

117




TV LYY YT LT

(M R oo
.

However, the FFT method produces the best position
estimates in both directions in the three hot spot cases.
The data presented in Table III can be used to calculate
the rms error, defined as rms = /m’+0°. A calculation

of this statistic revealed that in all cases the phase
correlation method had a rms error which was approximately
50% greater than the FFT rms error. Additonally, the
standard deviation of the FFT method is substantially
smaller in all cases, as expected based on the analysis
of the correlation methods. Therefore, the FFT method
was chosen as the correlation method to be used in the
remainder of the evaluations. Since the mean tracking
errors were slightly larger in the three hot spot case
for the FFT method, the remainder of the evaluations
were made for three hot spot targets, with case 1 to
serve as the baseline for the correlator/Kalman filter
performance.

5.9 Evaluation of Harnly and Jensen EKF

With case 1 of Table III established as the performance
baseline for the correlator/Kalman filter in the sjngle hot
spot case, the 8-state EKF designed by Harnly and Jensen (6),
which uses a Brownian motion acceleration model and a
bivariate Gaussian measurement model, was evaluated to provide
a performance benchmark. The Harnly-Jensen cases are
referred to by letters whereas the correlator/Kalman
filter cases are numbered. The first case, case A, was
conducted with the same truth model parameters used in
case 1. As shown in Figures 39a and 39b, the filter is
well-tuned for this scenario. Although not accomplished,
extended Kalman filters are often tuned by comparing
the filter computed covariance to the actual rms error
instead of the actual standard deviation to minimize
any bias effects. As in the previous cases, the filter
was initialized with perfect state knowledge so no recovery
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period is observed. (Note: The position plots are for
the errors at time plus.) The statistics for the run
were averaged as before from t = 3.5 to 5.0 and are shown
in Table IV. (Note: The statistics shown are the only
position calculations available from the Harnly-Jensen
routine.) When this case is compared to case 1, it is
seen that in the x-direction the mean error bias present
in the correlator/Kalman filter is not present in the EKF,
with which excellent tracking is obtained. However, the
EKF has a slightly larger standard deviation. In the
y-direction similar error characteristics are noted with
the EKF having the smaller mean error and the correlator/
Kalman filter having the smaller standard deviation.
Calculation of the rms errors from the table data shows
the rms error for the Harnly-Jensen EKF is .06 pixel less
in the x-direction and .01 pixel greater in the y-direction.

Table IV. Harnly-Jensen EKF Performance
2
Header (03¢)
(Trajectory)

Comments | Header EEBR(+)/ ZEBR(+)/ Remarks

oxERR(+) GYERR(+)

150 -.012/ .006/
Case A 1 .165 .221

200 -.000/ .015/ Special
Case C .164 .184 Trajectory

Note: Case B statistics not given due to filter divergence
at the end of simulation.
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The next run with the filter, case B, was a
2-g pullup maneuver using trajectory 2. The performance
plots for this case are shown in Figures 40a-d. When
this case is compared to cases 12 and 13 for the correlator/
Kalman filter, which are presented in section 5.12, it
is seen that the EKF responds better at maneuver initiation
with the mean tracking error being 0.5 pixel at the
maximum point as compared to a 1.0 mean pixel error for
the correlator/Kalman filter (see Figures 404 and C-1l2d
of Appendix C). Additionally, the EKF recovers to
essentially a zero mean error in 0.75 sec whereas the
correlator/Kalman filter has a transient of 1.0 sec.
Note in the Harnly-Jdensen cases the mean errors are
calculated by subtracting the filter estimated states
from the true states, opposite of Equation (5-1), which
accounts for the plot differences. However, at the end
of this simulation the Harnly-Jensen filter estimates in
the y-direction begin to diverge. At this point, the
target is approaching the position of closest approach,
where it will transition from closing on the tracker
location to receding from the tracker location. Therefore,
the FLIR frame and its reference system must rotatd at
a greater rate than at any other point in the simulation
to keep the target centered in the FOV. This rotation
creates a non-inertial acceleration, and appeared in a
6-state filter which did not model acceleration employed
by Harnly-Jensen in a manner very similar to case B.
However, when Harnly-Jensen added the two acceleration
states to the EKF, this divergent characteristic was not
observed. Since many of the truth model parameters are
not the same as in the Harnly-Jensen simulations a direct
comparison cannot be made. It is also noted that even at
the end of case A, the filter's standard deviation in the
y-direction becomes larger which may have been caused by
the same source.
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In order to determine if the geometry of trajectories
1 and 2 had a bearing on the increase in y-position errors,
a special trajectory was designed which avoided the
crossover situation. For this special trajectory, the
simulation was initiated with inertial coordinates

xI(to) = 20000. m
YI(tO) = 10000. m

zI(to) 30000. m

and the constant velocity used during the entire simulation
was

iI(t) = -500. m/sec
?I(t) = -300. m/sec
éI(t) = 0. m/sec

This presents a more benign flight profile than before
and the crossover point is avoided. Figures 41lc and d
show that in this situation the filter tracks the target
very well for the entire simulation, indicating that the
cause of the filter difficulties in the prior cases may
be attributable to the trajectory geometry. The error
statistics for this simulation are given as case C in
Table IV. Also, while not indentical this simulation
is very similar to case 36 in the Harnly-Jensen thesis,
and the observed tracking performance between these two
cases are analogous. Due to the difficulties encountered
with this filter, the 5-g case was not evaluated because
of the similarity in the trajectory geometry. However,
for future studies this case could be evaluated in a
situation where the crossover geometry is avoided.
Simulations were conducted with the EKF to determine
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how the filter would respond in a muliple hot spot
environment. The hot spots were intentionally spaced

so that their projection onto the FLIR image plane could
be approximated as bivariate Gaussian, which is the form
used in the measurement model of the EKF employed by
Harnly-Jensen. To achieve this spacing, the centroid

of one hot spot was initially placed at the center of

-the overall target centroid while the other hot spots

were symmetric about the centroid at a distance of

+ 1 pixel. The spread parameter, o;, was 2. Initially,
the filter tracked the target but as the simulation
progresses the hot spot orientation changes. Due to

this effect which results in an intensity pattern no
longer well approximated as bivariate Gaussian the

Monte Carlo simulations were not successful as the filter
repeatedly lost target track 2 to 3 seconds into the
simulations. During the phase of the simulation prior

to loss of target track, the position estimates in both
directions oscillated between a + 2 pixel error which
roughly corresponds to the displacement distances between
the hot spot centroids on the FLIR plane. (The hot spot
separation distance increases as the target approaé%es the
FLIR location.) It appears the filter was moving from
hot spot to hot spot during the estimation process.

5.10 Evaluations Using Trajectory 1l.

With the baseline cases established for the one and
three hot spot cases, trajectory 1 was used to evaluate
how changes in a, SNR, and AR, would affect the tracking
performance. The results of these runs are shown in
Table V. Changing a from .05 as in case 3 to 0.1 as in
case 5 results in only slight changes in the tracker's
performance. In general, case 5 has slightly smaller mean

errors while case 3 has slightly smaller standard deviations.
The rms error is .01 pixel less for case 5 in the x-direction,
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while in the y-direction the rms error for the two cases
is approximately the same. Since increasing the a for
the case does not clearly improve or degrade the performance
of the tracker, it appears that for cases where the intensity
pattern is not rapidly varying, an o in the range of
.05 - 0.1 is appropriate. These values will be investigated
later when the intensity‘pattern does show motion on
the FLIR image plane. For case 6, the true signal to
noise ratio was changed from the standard value of 20 to
10 while the filter was told the SNR was 20. The performance
of the tracker is relatively unaffected by this signal-
to~-noise change, as was previously shown by Mercier (10).
Although the case was not tested, Mercier and Harnly-
Jensen showed that while going from a SNR of 20 to 10 has
very little effect on the tracker's performance, going
from a SNR of 10 to 1 results in a definite degradation
in the filter's performance.

The last case in Table V shows the result of
changing the aspect ratio from 1 to 2. For this particular
scenario, this means the spread of the intensity pattern
is twice as great in the XpLIR
direction. As a result, the tracking ability is relatively

direction as in the YFLIR

unaffected in the YFLIR direction, while in the XpLIR
direction an appreciable increase in the mean tracking

error is noted. Thus, it appears that when the spread

of the intensity function is increased, the tracker,

and most probably the correlator, has difficulty determining
the location of the centroid of the intensity function.

5.11 Evaluation for Rolling Maneuvers.,

To evaluate the performance of the tracker when the
intensity patterns were rapidly changing on the FLIR
image plane a..: to evaluate how changing a affected the
tracker's performance under this circumstance, a roll
maneuver was used. Trajectory 1 was used for the target
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flight path to provide a benign trajectory to minimize
possible errors due to trajectory effects and to concentrate
on how the changing target shape effects are handled by
the tracker. Roll rates of 0.5 rad/sec and 1.0 rad/sec
were used. In both instances, the roll maneuver was
initiated at ti = .5 sec _so the filter would have acquired
the target prior to roll initiation, and the roll maneuver
continued at a constant rate for the remainder of the
simulation. This results in a total roll angle of 128.9°
and 258.0° for the two cases respectively. The results
of these runs are shown in Table VI.

A general observation on the tracking performance
against the rolling maneuver is that the mean errors
are slightly less in the x-direction and slightly greater
in the y-direction when compared to the non-rolling cases.
For the crossing trajectory with no roll, the intensity
profiles are more symmetric in the YPLIR direction than
in the Xpr IR direction, and recalling the correlator performance
analysis (Figure 36), the correlator performs much better
in the symmetric case. This plus the fact that there is
very little motion in the y-direction helps to account for
the difference in the mean errors. However, in the rolling
case, the intensity profiles will be more symmetric in the
x-direction at times, and in the y~direction at other times,
which accounts for the general trend in the mean error
changes.

For the 0.5 rad/sec roll maneuver, cases 8 and 9,
the a = 0.1 has the smaller mean errors in both the x
and y position estimates as expected. This is because,
for a changing intensity profile, more emphasis should be
Placed on the newer measurements which are more representative
of the current intensity pattern. In cases 10 and 11,
where a 1 rad/sec roll rate was used, a greater performance
enhancement was expected for a = 0.1 than had been seen
for the previous case, as the intensity pattern is varying
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at a faster rate. Additionally, it was expected that
because of the increased motion on the FLIR image plane,

a performance degradation would be observed. However,
upon analyzing the results these expectations were not
met. In the x-direction, the mean errors did in fact
increase slightly but the a = .05 case shows a mean error
of .01 pixel less than for the a = 0.1 case. 1In the
y-direction, the mean errors showed a slight decline with
the a = 0.1 case having the smallest mean errors. At

this point it can be concluded that the tracker's
perxformance may be enhanced somewhat by a judicious choice
of a, with a's in the ranges chosen being appropriate

for the trajectories of concern. However, the symmetry

of the intensity profiles on the FLIR image plane affects
the tracker's performance more appreciably than anticipated.
This problem could possibly be rectified by modifying the
means of extracting the target position offsets from the
correlation function and warrents further investigation

( see Recommendations, section 6.3).

5.12 Evaluation for a Two-G Pullup Maneuver

4
The next cases were designed to evaluate the performance

of the tracker when the target performs a constant 2-g
pullup maneuver in the inertial y-direction (trajectory 2).
Here attention is focused on how the dynamic trajectory
effects are handled by the tracker, while the intensity
shape function is essentially constant (it rotates about
its principle axis slowly to remain aligned with the velocity
vector.) The pullup maneuver was initiated at t = 2.0 sec
and contiuned for the remainder of the simulation. Under
this situation, the effects of varying the smoothing
parameter, a, on the tracker's performance were evaluated.
Additionally, to evaluate how the filter performance would
respond to a relatively small deviation from that achieved
on the straight crossing trajectory without retuning, the
acceleration time constant, and the strength of the dynamic
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noise were left unchanged from the previous cases. Table
VII shows the statistics for the 2-g maneuver cases.

Once again, varying a does not significantly affect the
filter's performance. While the larger a produces
smaller mean errors in the x-direction, an almost equal
decrease in the mean error is seen in the y-direction for

the smaller a. Also, without changing the assumed

target correlation time or increasing the Kalman filter
gain through increasing céf, the filter's estimate of

the dynamic target position trails the true target
position, as shown by the negative errors in the §ERR(+)
columns, but the filter does track the target through the
maneuver. Performance enhancement could be achieved,
however, by allowing Tafg and/or oéf to be adjusted, as
shown in section 5.13 for the 5-g case.

5.13 Evaluation for a Five-g Pullup Maneuver

R Ty EARAA N L Sk Sy ———y »
PR R PR

A 5-g pullup maneuver was selected to evaluate
the performance of the filter in a highly dynamic
tracking environment. The effects of changing the
acceleration time constant from the 3.5 sec value psed
for the benign trajectories to a correlation time more

representative of a dynamic environment, 1.5 sec, was
evaluated. Additionally, the strength of the dynamic
noise was increased to model higher possible rms
acceleration levels and to place more emphasis (through

¥

[. the filter gain calculations) on the measurements and

g less on the dynamics model. The value for o} found by

E this tuning process to yield the best performance was

¢ 300 pixelsz/sec4. The results of the 5-g pullup maneuver
1 cases are shown in Table VIII. For these cases, the

plots of the tracker's performance are a better indicator
of the response of the filter than the simple temporal

}. averages. As shown in Figure C-14f, the filter with the

F 3.5 sec correlation time does not respond well at maneuver
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initiation, dropping off to a -2 pixel error in 0.5 sec.
Figure C-15f shows the filter with the 1.5 sec correlation
time tracks the maneuver initiation much better, with the
y-error only dropping to -1.5 pixels. However, as can

be seen in Table VIII, since the target continues on

the constant-g pullup trajectory after the maneuver is
initiated, the longer correlation time is a more accurate
portrayal of the target dynamics during this phase of

the trajectory and yields a filter that recovers to a
better estimate of the target position. Thus, a target
performing jinking maneuvers in the dynamic range shown
rather than a simple constant-g pullup would be better
represented by the shorter correlation time.

5.14 Adaptive Q.; Estimation Evaluation

At this point, the self-tuning Qfd adaptation
procedure was evaluated to determine if reasonable performance
could be obtained using this method. It is not expected
that this method will perform better than the cases in
which the parameter values were tuned off-line to optimize
performance for specific trajectories. However, it is
hoped that adequate performance across a wider dynamic
range of scenarios can be achieved. The Q., estimation
procedure was initiated at t = 0.5 secs. This time was
selected so the filter would have sufficient time to
acquire the target, where the gfd value is purposefully
set to a large value to prevent the filter gains from
decreasing to early in the tracking phase. Thus, at
t = 0.5 sec, the filter is in a relatively stable tracking
mode, and the adaption procedure began and continued for
the remainder of the simulation. The performance was
evaluated against the crossing trajectory and the 2-g
pullup trajectory. The results of the Qfd estimation are
shown in Table IX.
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When case 16 is compared to cases 3 and 5, it
is seen that in the x-direction the estimation process
has a substantially smaller mean error while in the
y-direction comparable performance is achieved. This is
not surprising since a conservative tuning was used in
the other cases to reduce the transient effects in
the x-direction. Case 17 illustrates the major problem
with this estimation technique. While the adaptive filter
will converge to a reasonable estimation of the states,
under benign trajectory conditions it reduces its gains
to a point where it cannot respond quickly to harsh
trajectory deviations. Referring to the Filter vs.
Actual Error Plot, Figure C-17b, where the major velocity
change occurs, it is clearly seen that while the maneuver
is initiated at t = 2 sec, almost .5 sec elapses before
the filter begins to respond to the maneuver. However,
the gains are not increased rapidly enough and track
of the target is lost. Also, note in the x-direction,
Figures C-17c and e, the filter overestimates the target
position due to the velocity decrease in that direction;
similarly in the y~direction, Figures C-17d and f; the
filter underestimates the target position due to the
velocity increase. These results, consistent with the
results found by Harnly-Jensen (6), show that while in
cases where the estimated process is slowly changing,
this estimation technique may be useful, it is not robust
enough for useful application in a strongly dynamic
environment.

5.15 Maneuvers Out of the x-y Plane

Trajectory 4 as described in Chapter II was motivated
by the desire to evaluate the performance of the filter
when the target turns in toward the FLIR plane, thereby
projecting three distinct and separate ellipsoids onto
the FLIR image plane. Thus, substantial trajectory offsets
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are combined with large target intensity shape changes,
in a single and realistic scenario. However, because of
the short length of the simulation, the out-of-plane angle
is very small unless a very highly dynamic flight profile
is used. The performance against a target flying a 2-g
out-of-plane maneuver is shown in case 18. The resulting
flight profile is very similar to the 2-g pullup maneuver
previously discussed. Based on this, trajectory 2 was
modified so that instead of initiating a 2-g pullup

in the inertial y-direction, the maneuver is performed

in the minus inertial z-direction. Thus, the target
turns in towards the FLIR plane. Additionally, a roll
rate of .25 rad/sec was used to simulate the rolling
motion associated with this type of maneuver. A 10-g
maneuver was used to insure the three separated target
ellipsoids were projected onto the FLIR plane, yet
because of the geometry of the trajectory, this is not

a highly dynamic maneuver as seen in the FLIR image plane
and the filter should have little difficulty tracking

the target through the manuever. The results of these
two cases are presented in Table X. ,

For reasons previously discussed, the results of
case 18 are very similar to the other 2-g trajectory
cases. In case 19, the effects of the hot spot symmetry
on the correlator/Kalman filter performance are seen.

For this trajectory, when the target turns in towards the
FLIR plane, three distinct and relatively symmetric
ellipsoids are projected onto the FLIR image plane. The
result can be seen in the reduced mean errors in the
x-position, again emphasizing the dependence of accurate
target tracking on hot spot symmetry. Also, the plots

of Figure C-19a and ¢ show that when the velocity in

the x~-direction is reduced, the filter slightly overestimates
the movement of the target initially but quickly recovers.

The final evaluation, case 20, was made using
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trajectory 3 to test the performance of the filter when
the target initiated and terminated a maneuver. A 2-g
pullup was initiated at t = 2 sec, and at t = 3.5 sec
the maneuver was terminated and the target continued at
a constant velocity. Because of the transient over the
last 1.5 seconds of this simulation, no time-averaged
statistics were calculated for a tabulation. Instead,

5 a discussion of the performance shown in the plots is
given. Figures C-20c and e show very little effects

, of the maneuver in the x-direction, which is expected

:‘ since the change in the velocity in this channel is
very small. Figures C~-20f and £ show the filter under-
estimating the target position when the maneuver begins,
and then when the velocity increase is terminated at

t = 3.5, the filter overestimates the target movement.
However, after a second transient period the filter
recovers to good position estimates.

5.16 Summary of Test Cases

This section presents a brief recapitulation of
the 20 test cases in tabular form. These cases are
presented in Table XI, where deviations from the
standard truth model parameters given in section 5.3
as well as the filter tuning parameters are shown.
Major trends observed in these cases as well as conclusions
drawn from these trends and recommendations for possible

performance enhancement measures are discussed in
Chapter VI.

tf 148

L‘-__;A: PP S P S St P . Py -




| dnantain Jave i e - aec- e - n " Laman 4 T e e

-

‘?v' :,‘:‘84 ".“.“v ." .‘v .,’ g ;JA‘. 4.‘_..-‘1— ‘v

Table XI, Summary of Test Cases

M

Case | Traj | Pullup | Roll | NUMHS | T oéf Alpha | Misc.
Rate | Rate
1 1 0 0] 1 3.5 |]150 .05
2 1 0 0 1l 3.5 |150 .05 ghase
of .
3 1 0 0 3 3.5 | 150 .05
4 1 0 0 3 3.5 {150 .05 ghase
OfT.
5 1l 0 0 3 3.5 |150 .1
6 1 0 0 3 3.5 {150 .05 SN=10
7 1 0 0 3 3.5 | 150 .05 AR= 2
8 1 0 .5 3 3.5 150 .05
9 1 0 .5 3 3.5 |150 .1
10 1 0 1.0 3 3.5 1150 .05
11 1 0 1.0 3 3.5 ]150 -1
12 | 2 2-g 0 3 |3.s{1s0] .05 |’
13 2 2-g 0 3 3.5 | 150 .1
14 2 5-g 0 3 3.5} 300 .1
15 2 5-g 0 3 1.5 {500 .1
16 1 0 0 3 3.51150 .1 gfd
17 2 2-g 0 ; 3.5 1150 .1 Qfd
18 4 2-g 0 3 3.5 ] 250 .1
19 2 1l0~-g 0 3 3.5 ]150 .1 z-dir.
20 3 2-qg .25 3 3.5 {150 .1
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VI. Conclusions and Recommendations

6.1 Introduction

This chapter presents the conclusions drawn from
this research project and presents recommendations into
other research efforts wﬁich could be pursued to enhance
the performance of the correlator/Kalman filter and the
realism of the truth model for performance evaluation

3

purposes. %

6.2 Conclusions

a. Data Processing Algorithm. The data processing

algorithm which generated the estimated intensity function
for use as the template in the correlation algorithm was
shown to perform well in this research. With this method,
almost identical performance was achieved in both the

single and multiple hot spot cases. This is in direct
contrast to the Harnly-Jensen EKF, which experienced
difficulty when the target intensity function was not of

the assumed bivariate Gaussian form. The extra cogputational
loading incurred with implmenting this algorithm, which

makes no assumptions about the intensity function shape,

is well justified. However, it is possible that the bias
which the tracker exhibited could be caused by the algorithm's
reconstruction of the target intensity function. A
discussion of a possible research approach to determine

the cause of this bias will be deferred until the
recommendations section. Varying the exponential smoothing
parameter, alpha, to address changing target shapes did

not significantly enhance or degrade the performance of

the tracker. An alpha in the range of 0.05 to 0.1 consistently

resulted in acceptable performance.

b. Correlation Methods. Based on the results of the
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analysis of the four correlation methods and a tracker
evaluation of two methods, the FFT method clearly yielded
the best tracking performance when implemented with the
Kalman filter. This method performed well in both the
single and multiple hot spot cases. However, the errors

:j observed from the correlator/Kalman filter were closely

ﬂ! tied to the symmetry of the target intensity pattern as
projected onto the FLIR image plane which directly relates
to the chosen method of deriving the peak offsets from

' the correlation function. In the asymmetric case,the

:‘ center of mass calculation which was used to approximate

r the peak of the correlation function gives biased results
which are readily apparent in the tracker's performance.
Alternatives to the center of mass method will be considered
in the recommendations section.

¢. Kalman Filter. The first-order Gauss-Markov

model chosen to represent target acceleration provided
acceptable tracking performance, and thus the compuational
savings associated with utilizing a linear filter over an
extended Kalman filter or other non-linear filters were
realized. The filter proved to be robust enough t#o track
a benign target and a five-g target, which at the ranges
considered is a very dynamic maneuver, without changing
the acceleration time constant and with only a slight

: increase in the dynamics driving noise. However, better

¢ performance was realized when the acceleration time constant
E' selected was more representative of the maneuver being
tracked. Thus, the concept of implementing a correlation
algorithm in cascade with a linear Kalman filter in a

¥ dynamic environment is a viable alternative to other

[ non-linear approaches.

t d. Adaptive Q.4 Estimation. The adaptive Qgq estimation
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technique did not prove robust enough to be used throughout
an entire simulation in a very dynamic environment.

However, as detailed by Harnly and Jensen (6), this routine
does contain indicators which could be monitored to detect
when the target initiated a maneuver. Based on these
indicators, the gain values within the filter could be
changed to other preselected vaules, as an alternative

to implementing more computationally burdensome maximum
likelihood estimation techniques or multiple modeling schemes
to provide the desired adaptation (13: Chapter 10).

e. Harnly and Jensen EKF. Assuming the divergence

problem which appeared in the simulations in this research
could be readily solved, the Harnly-Jensen designed EKF
performed well in the single hot spot case where the target
intensity function was well represented as bivariate
Gaussian. However, the filter did not perform well when
the target intensity pattern was not well represented as
bivariate Gaussian, as expected. While this method may
not readily adapt from the single to the multiple hot spot
case, the performance in the single hot spot case gas

very similar to the correlator/Kalman filter without the
increased computational loading incurred by using the

data processing algorithm of this thesis. Therefore, for
the single hot spot case, such as an air-to-air missile
where information as to the target type could be readily
obtained from the acquisition source, this may be the
preferred filter.

6.3 Recommendations

a. Data Processing Algorithm. A possible cause of

the bias observed in the correlator/Kalman filter is the
data processing algorithm that generates the target intensity
shape function. To determine if this algorithm is the cause
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vf the bias, a comparison between this research and the
research conducted concurrently by Lieutenant Mark Kozemchak,
who used the same data processing algorithm in an extended
Kalman filter, should be made. If the same characteristic
bias is noted, a further confirmation could be obtained

by replacing the estimated target intensity function with
the true target intensity function in the correlation
algorithm. If the bias is noted in the Kozemchak thesis
and replacing the estimated intensity function with the
true intensity function removes the bias then the data
processing algorithm would have to be analyzed to determine
where a phase shift in the transformed domain could occur
which would cause this effect. If the bias is not observed
in the Kozemchak thesis, then the bias is almost certainly
due to the correlation method.

b. Correlation Methods. The center of mass calculation

used in this research as an approximation to the point of
maximum correlation yields a bias when the intensity pattern
is not symmetric. This effect noticeably degraded the
performance of the tracker. An alternative formulation could
be developed whereby the center of mass calculatioh is

used to determine the approximate peak of the correlation
function and then a precise peak finding routine would be
employed to provide a more precise estimate. (The reason
for initially using the center of mass calculation is

to get in the vicinity of the peak location prior to
implementing the precise peak finder. This should help
avoid locking onto local peaks as a basic peak finder might.)

c. Kalman Filter. The filter showed enough

robustness to track the targets of interest with only
small changes to the filter parameter values. To achieve
high precision performance over a wide dynamic range, this
filter could be implemented in a multiple model algorithm
(13:Chapter 10) in which a small number of Kalman filters
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with varying parameter values would be capable of
adequately modeling the dynamic profiles of concern, as
an alternative to adaptive estimation of’gfd in a single
Kalman filter. Initial investigation of this concept
conducted by Flynn (6) proved somewhat disappointing,
but is possibly worth further exploration.

d. Truth Model. The truth model changes made in this
research resulted in a fairly accurate portrayal of the

real world processes of interest. The simulation is
structured so that changes from one trajectory to another
and from the single to multiple hot spot case are

readily made. The truth model simulation could be enhanced
by modeling the cases where the target fuselage is between
the intensity function and the FLIR image plane, thereby
either blocking out completely or blocking out portions

of the intensity function. Realistically, when the target
is receding from the tracker location the entire infrared
source will be exposed to the FLIR image plane resulting
in a hotter target while the converse is true for an
incoming target. By varying the value of the intensity
based on considerations such as these, the realism of the
truth model would be improved. The unit vectors wgich are
currently calculated for the multiple hot spot simulation
could be used as the foundation upon which these more
precise models could be based.
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Appendix A

Intensity Centroid Projection Model for Multiple Hot Spots

In this appendix, the equations required to implement
the multiple hot spot projection model, described in
section 2.5, are detailed.

As depicted in Figure 13, a unit vector in the 3;a
direction can be defined by

S - ‘ -
e =cos a k - sin a i (A-1)
za
where
a3 D . .
i, j, k, represent unit vectors along the inertial

X, y, and z, axes respectively.

To determine the direction of a unit vector in the
-
eB direction, first rotate about the inertial y-axis.
The coordinate transformation is:

[y ] B RS

exa cos 0 sin o i

2D = ‘+ ] -
eya 0 1l 0 3 (A-2)
Y . -

€,0 -sin o 0 cos o k

— "J — — e

-
Now rotate about the e, axis to obtain:

a
-'e"B; -cos 8 sin B (; ’-Axa1

‘é‘BY = |-sin B cos B 0 gya (A-3)
CI 0 0 1| |2,

. e 4 G -
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Substituting (A-2) into (A-3) yields

ran [ cos 8 sin B 0] " cos a 0
- N
eBY = | -sin B cos B 0 0 1l
- N
_eBz_ LO 0 14 L-snmu 0
1]
S
1 3]
%
— J

Performing the indicated multiplication where r

BY in

sin a

cOos Q

(A-4)

Equation (A-4) will henceforth be referred to as éB, see

Figure 13, the desired vector is

> . > - . . >
eg = (cos o) (=sin B)i+cos Bj+(-sin B) (sin a)k
]
The relationship between these unit vectors and FLIR
plane unit vectors is
- - =
€g = €y FLIR

- -

€20 ¥ "% FLIR

With the 3B-gza Plane translated in inertial space
to coincide with the aircraft COM, Figure 14, and since

(A-5)

the velocity vector is assumed to lie along the aircraft
centerline, a unit vector out the nose of the aircraft can

be determined:
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HX vxl+vy3+vzk -6)

vl

where

vx,vy,vz - refer to velocity components in the
inertial frame

-
®ux - unit vector along aircraft velocity vector

|vF(v +v 2y );5

Since eHx will always pass through the aircraft COM,
this unit vector is used to form the first axis of a
coordinate system referred to as the H frame, with its
origin at the aircraft COM.

To determine the orientation of the second H-frame
axis the following cross-product was used

S
vXx]J

- -
This cross-product produces a vector normal to v and j.

Explicitly, ]

- =

k
S D = —xr 3 -
vxj Xz = -v,itv k (A-7)

X .Y

o4

J
v
1

This vector is normalized to produce a unit vector in
the direction of the second H-frame axis;

=3

eHy = -Vzl+VxK (A-8)

2,2.\%
(vx+vz)
Note that this axis will always lie in the horizontal
inertial plane thus the H, or horizontal, frame notation.
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To find the direction of the third H-frame axis, cross
the vectors which define the first two H-frame axes:

- -h -
i j k

v = 5 2,2 ++ '? (A
A y v, = VxVyl (vx+vz)3 vyvz -9)
=v, 0 Vi

Equation (A-9) is normalized to produce a unit vector
in the third H-frame direction:

2 _ > 2,2 >
eug = vayl (VX+VZ)J+VXsz

Ev’2:+v‘2)(v’2(+v12,+vi§]!'5

(A-10)

Thus, a coordinate system relative to the velocity

vector is defined, see Figure 15.

-

e

.
HY

v plane, whereas the hot spot

For trajectories where a roll about the
is desired, the two hot spots located on the

will move out of the gﬁx_au
1, as defined in Figure 16, will remain along the"gHx
To determine the location of hot spots 2 and 3, a body axis

axis
axis

axis.

with the x-axis out the aircraft nose, the y-axis out the
right wing, and the z-~axis out the belly is used. As
depicted in Fiqure 17, the direction of hot spots 2 and

3 can be determined by

2BY = cos ¢ 3HY+sin ¢ 2 (A-11)

HZ
where

d(tg) = 0

$(t) = ut
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An example is used to demonstrate how these
coordinate frames are used to project the locations of
the ellipsoid centers onto the FLIR image plane.
Referring to Figure 18, the offset distance, §, along
the € axis can be projected onto the translated e

BY
axis by:

B

\

sgr = S[eay " %] | (A-12)

Performing the dot product in Equation (A-12) yields

GBT = 6[?¢os ¢)(—vz)(cos o) (-sin B)+(cos ¢)(vx)(-sin B) (sin a)
A

+ (sin ¢)(vxvy)(-sin B) (cos a)-(vi+v§)(sin ¢) (cos B)
B

+ (sin ¢) (v vz)(-sin B) (sin a)
Y 5 (A-13)
where
’
A = denominator of Equation (A-8)
B = denominator of Equation (A-10)
In the 320 direction, the projection is
= -_
$ar = d[kBY'eza (A-14)

or explicitly,
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$ ot = 5[(005 ¢) (-v,) (-sin a)+(cos ¢) (v ) (cos a)

A

+ (sin ¢)(vxvy)(-sin a)+(sin ¢)(vyvz)(cos a)]

B (A-15)

-

The equations for the projection of the hot spot

located along the 3hx axis onto the translated ?SJaza
plane are:
Sgp = a[é‘Bx.'éB] = a[wx) (-sin B) (cos ®)+(v,) (cos B)
(vl
(v_) (-sin B) (sin a)
+ 2 ] (A-16)
|
k]

and
8 0r = (Bnx 8,0 = otv,) (-sin @) +(v,) (cos a)] (A-17)

C ¥ ,

The final step is to convert the offset distance

on the translated @ plane into distance on

_-\
B €20
the FLIR image plane. The hot spot displacements in
the translated 38 ngaplane are normal to line of
sight from the FLIR image plane and with the range
known from the trajectory model, the angular displacement
of the hot spots will be used to approximate linear
distance on the FLIR image plane. The geometry in the

38 direction is shown in Figure A-1l,
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Figure A-1l. Projection onto the FLIR Plane

Equation (A-18) gives the approximate displacement in the
- . . . . . .
€g direction, GB' which coincides with the YFLIR

direction, in radians:

§g = tan 608y, (A-18)

r

This distance is converted to pixels by dividing by
.00002 and added to the coordinates of the aircraft
COM in the FLIR plane. Thus, the offset distance in
the YFLIR direction for each hot spot is determined.
The offset distance in the XpLIR direction is determined
in the same manner except the distance must be subtracted

. . R 3
from the aircraft COM since e,y = ( )ex FLIR®
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Appendix B

(y Derivation of Qfd for the Kalman Filter, Chapter IIX
A

The derivation of Q¢ys Equation (3-12), for the filter
state equation which was briefly described in Chapter 3
will be fully detailed in this appendix. From Chapter 3,
2er Ggr and Q. are:

1 0 At 0 A 0 0 0

0 1 0 At 0 A 0 0

0 0 1 0 B 0 0 0

0 0 0 1 0 B 0 0

0 0 0 0 e Tqe O 0 0

-At

0 0 0 0 0 e Tqe O 0
¢ -At
{ 0 0 0 0 0 0 + Taf 0
F -At
i 0 0 ] 0 0 0 0 e T
b L afJ
(B-1)
4
] where

a=r1.2%{C1 )(At)—l+é§§

[ | af

=-At

B T -
st

Ed

wry
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At = (t t.)

i+1 i

L.
/

AChis Cacashan SN SRt 4
. K

] 0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

Ef = (B"Z)

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1]
and
— ., -
ag
2id—f 0 0 0
af 2 [
e}
0 zT—d§ 0 0
af )
i Q. = (B-3)
- =f oaf
b‘- 0 O 2T—_" 0
¥ . af 2
. g
4 0 0 0 2525
4 | af |
- where
" 2

b Oq¢ = assumed cvarget acceleration process variance

O = assumed atmospheric jitter process variance
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Thus, Qcq
t.
= i+l
Qeq = ¢ © 2

may be evaluated using (12:171)

T T
f(ti+l.T)§f(T)gf(T)g (0@ (t, ,,T)dx

(B-4)

Performing the matrix multiplication inside the integral

of Equation (B-4) yields:-

G

where

A, B

11 bt

T T _
2GrQeCrlr =

TA2Q 0
11
0 A2Q
22
ABQ 0
11
0 ABQ
22
ACQ 0
11
0 ACQ
22
0 0
0 0

ABQ 0
11
0 ABQ
22
B2Q 0
11
0 B2Q
22
BCQ 0
11
0 BCQ
22
0 0
0 0

are as in Equation (B-1)

=At

o cAt
Tas

t

e 2%

A
Taf
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ACQ 0
11
0 ACQ
BCQ 0
11
0 BCQ
c?g 0
i1
0 c2q
0 0
0 0

matrix elements of Equation (B-3)

P P R

22

22

22

0 [
0 0
0 0
0 0
0 0
0 0
D2Q 0
33
0 D2Q
[
(B~5)

"

P R e o)




‘H””fT
R

st 2
r o

vowrr
B TR

" LR/ AR o e S

v

a4

e e

Since the integral of the matrix shown in Equation
(B-5) equals a matrix of integrals of each element,
the remaining demonstration of the computation of Q..
will follow the integration of the 1ll-element of Equation
(B-5). Substituting for A and Qll yields:

a%0. . = [ir?,)(ae_ -1 + edty 2|2 42 |-
11 af T d!
Tdf daf 7o
df
=273 02_[at? - 2at + 20t eht- 4+ 1- 23At . g24t
as %ar T er T
2 7 T af as ar
T af daf
daf
Thus,
tia X 3 g tiv1 )
t£ A (T)Qll(r)dr = {2'1‘df Udf} t{ (ti+l- ) “dt
22
as
tiv1 tia —(t. . .=T) ti+1
-t{ 2(ti+l-r)dt + t{ 2(ti+l-r) e' i+l a + t[ drt
1 T 1 T Tar i
df df
'
t. t.
i+l i+l _
- 7 2eltis1” Dar e/ a2(tjy Dar (B-6)
ty T t T
aft af

After performing the indicated integrations and combining
terms, the result is:

t.
i+l
2 _ .2 3 _ 2 2
e A2(00;)(1AT = 0g f (2) (Tqg) (A8)” = (2)(Typ) “(AE)
3
-2At 4
- (4) (14p) 3 (at) (355~ 7o)+ (2)(Tgg) Jat) + (rgp)t(E T * Tat
(B-7)
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The remainder of the terms of Equation (B-5) are

AT T (‘;T'—TJ‘. it Bn |

evaluated in a similiar manner with the results being
as expressed in Equation (3-12).
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Appendix C

Plots of Tracking Errors

This appendix gives the sequence of plots described
in Chapter 5. The figures are numbered so as to correspond
directly to the case numbers used in Chapter 5, i.e.
Figures C-2a thru C-2j are the plots which correspond to
case 2 in Chapter 5. For a description of the truth model
and filter paramters refer to the appropriate table in
Chapter 5 or the summary table which is given in section
5.16. (Note: In order for the case and figure numbers to
correspond, Figure C-1 is not used). For the cases where
the filter tuning plots are not shown, the tuning employed
was similar to case 1 for single and case 3 for multiple
hot spot targets.
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171

Y

Y




SPITTW=X

TJI1blWl 53

. - S P i o e, g .
B VORATTRES JURA PR

Figure C-2c. Case 2

172




ERE

|
.

e

. | ~
“ Q
4 N n
1 0]
: (&)
. )
g F
‘o
' ) Q@
| S oM
| .-
o
o]
- . F
4 .
1 .N
3 "
3 _ _
3 Lo m
h MU “
- HAJ IS t-/+) 10111604 SPHIW-F O09Lt5WI L5
- -
.

.M . v . -, C - - .
s . PSPPSR SV TGN L IPOTUR W VIR S S DU v Sl (%)




|
i
!
i !
. 0G "3 2 “ .m
s = v
L .
‘ X ’ i
1
i
| o “
“ S
! S o
T n {
- - ®
- Q
g — . A
B . R ' QO <
T ~ ~ 1
. oo I ] ~ A
) ’ -
3 U i
r - 1
- o
! o o
f . R
r ) :
! . '

—
ig U

'
~

I
3.
o
o)

(-/+) JiDILISC4 SN74-¢ O0d1bW] 1S3 w -




PEPCR——

o = e e r—— e hm e

. Rt
)} SRV Jes Yy
ISP BRER
Figure C-2f. Case 2
175

(]
[ ]

—~
[N

O
(@]

ul

J
g u.
U

L

0y —

b3

—
4 —
[@p]

(V|




(D)
—

(o]
(@)

(336
3 SCoS N 5C0°<
v { { .
I
\_
.
A 1!
\), ,.\..v_* H..’\ <
i f
n
,_\.,_‘}..
i
{
& /\.:

VP

i

!

i

i

i

1
R N

» 2 !
- . @
bey o
= N 3]
_ )
o~
~ 1
—1 P
. Lo
N ! M
— N g
T
' B

‘

!

i

i :

D3 !

.

. 7 L . A
U W T S, P-F’hf'!

t

176

ol DN

2 b

PV W Yy




¢

aadiRa s an aa o S an an e Sne o Ja o
- .

L
2.
J

—

w

A A A A A A At A A At Bt Sl Shanlie S g i i S i

Q

g SR e [¥D)]

(@]
[

Q

[N}

[ e oL (R -

B] i Ut U i )

J
CS TR L g e deg -

ab

o «f‘igure-c-Zh. Caéé 2 -
e 177
&
S . e .




TV Ty

Y= R

S

T

~————— = -y

i

('}
[

<
Z.

',.;_

U

LY

178

(@»]
(@p]

)

P - PRI SO S S Sy




e

k

D-A124 884

ENHANCED TRACKING OF AIRBORNE TRRGETS USING A

CORRELATOR/KALMAN FILTERCU) AIR FORCE INST OF TECH
WRIGHT-PATTERSON AFB OH SCHOOL OF ENGINEERING

UNCLASSIFIED P P MILLNER DEC 82 AFIT/GE/EE/82D-3@

.F/G 1271 -

3/4

NL




oy PR ant o d e 2aam e o o -
S AN M AN <\A11.W11\111m S

3 - Loiel el .

3 A2l
.“ ddag
m_m_m_m_uu.ﬁ_.m
f

b

W

ﬁ

N

——

IoO
———
———
T ——
S———
———

|0|
——
e ———
—
——
—
Io25
 ——
 —
 —
——
—

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

I
I
I

al o g <




}
- - - . i
_ ( JISIT2WI L _
355 8053 65 v 00°¢ <002 50 500, ;
| =
. E
!

!
i

g

T
.J—“—
< ,

\J—

SIS

3

S
R

179

EREVANTE

Figure C-2j. Case 2

o

l

LA .

PSR ITY VR R S

< . ”....,\_.‘ o . - L . . . L
- A b f ot dld A oa o4l omaa Ao aa Ad a4 3 a4 & o fos P




.

e v

[

o

- Ao~ . ~ . . ~ -
3 0073 CG ¥ S0°¢ a0z 207 gn'n,
1 | 4 I [ i —
- S, Fanl - ....\»\l.._\.r\a)\l-. - - .1 .
v l\.}\(l\ J\n\f\(ﬂlf\u‘\n\. J\l.\( L N e Bt et e, v L] -
" ¥ -5..1..\.\“:_“
L
4
S
TR
v.m n
m 3
i -
-
H v
M Rn
* ‘Vr-l
o~
—
I
N
] -—
L
-
2l
I t
i
HER Y
[€a)]
=

1011180

WL

-7

N0 44

-1
-

-

1913 Gf

43111 3

Figure C-3a. Case 3

180




L g Mae e e o

o B St

pp—
oL, e

(%9

<)

dod

L3S 1 3WTL
06 ¢

g
o

ia]
oo
-

" - ,.

. - . A . et A, s

ey T4 et NP
" -~ -

-

l
SR RPN e Ve e

(HOTLiS04-4

40443

ML

1
-

H

U
CCTIAT V1 Add-

w e

SAoA3L

Case 3

Figure C-3b.

181

PP Sy ey ™




]

’ 4
[
' .
' .‘
f b
'
|
A |
P . - - . i
L34S T3WIL :
~m * . K . - B £y .
5C' 53 5G6°S g0'¢ 00°¢ 35 °¢ co°li SC°0 1
L i 1 i -~ L L i W 1
L. ~
i B ,
o= p
1
w
- = [
N T .
\\ .\ ‘x) , ‘ - nlfl.. __ ™ -
- ) - .
\\ —- ’ ~ .‘. AR 8 ks nnav
: " s Py = o
3 A ~J ._ . \ ) )...\l \ AN - _ i - O
! \ )\l A N o p
L \ Y2 J r ! ) ~ e v -
A ~ L It - ~J i _\ : A Ve ey
h s \
3 . - ’ ! o~ - o
b A Y lj\ N / \/\_ =y A0 \\ A v i~ \ jorm e : @©
i \L NIV ) “. ——_ : el
L i Viao, \ S e AT A R _
\.<3<..,, 2 ANV ) \\\ T a1 i T ’
- ~ K P A

[
(
Figure C-3c.

= ]
. i |
: . i ’
_ i
X _ 4
, | =
b -. !
. - i
HWAIS (= + " BOLLISOd SPiiW=Y O319W11S3 ! i
. ” ‘L

U PN S S e\ L SR B T RV Wy ST - Aa a2’ 0 aa . aaa a




g

L rrR—

R —

5035 N :
oo !
- !
P _
_ =
ﬂ ﬁ.u.-.
T
-
=t
\ 1\

, : R |
Lo~ |
| !
|~ w

R ;
D
HWIILS 31101504 SOMIW- J91bWi LS5
t

"

e RN \F...

Case 3

Figure C-3d.

183




b ant

—

)

o]

3

(33 13W[L
'S 90" ¥ 00 "€

Q

e
T
L\( N
Q‘
~—..
L
Case 3

Y .
o 0 ® _
ol v IR .
.\ (3]
4 f\ \s) " \
5> \5 { / ~ _
(S vy =
A /4 o )
- S _
\ i
C& N .
P _. .
K= ._
BWIIS (-/+1 HO1L11S04 SNTd-7 03L9W115¢ !
i

P TS R - T ~— .
PP SRR et et den o i nition St eende afned PLLL’.»L»L»* il




(Wp]
o

59}

(&9}
Q

ud

Q

D

IR N
; R
PRIy LN |

ot

Acndie

v,

W) ~<- v -

e

A

AR Y

i
_
. !
09, "
i H
I i
|- !
_M ,,\v.JH H

o

Q

/]

]

Q

W

™

|

(&

[

M

=]

o

ol

e
i
: i
. ;
T i
= !

PSS YO FPRET .

185

-
alde an il a

{
B
i
|

3



!

Figure C-3g. Case 3

186

FoOwmTTOmMOTETR T T TV T
. (@]
(ép]
"Wy,
O
—_— e - . - -
b 3 . ud
— T T —<A="
e =t
—T = '\‘)
_-__\_—.‘>— L__; L =
= - -‘<‘:—) _g,%’
— <3 (]
————y Tt o —:j = g_ L -
= et i =
[ I D ——
- - —
B~ - - B3
= — Q"_ —_—
e T O
———— ‘R\j —-—
e - - — Ol
cczmm S il T O N
\»N . | _ -—;_—"_’_ | .
— B e - vy —
= ﬁE?’ — Lu!
- 3 2
= N — s
R — e e e o
S =T .y
L =2 __ — e
— B = oo Te— “ —
. = =
T — E— <
- - = N Rt
= %—- o
o = N
o e e . . |
H . A ' ey hY N,
v 0 Le U g U - Uc U Ur -
[L) IJ/\ (IJ(J\J'JCIT!

e

la s oaoa 4_4_‘_-_‘_‘_‘.-_4

B




s

Q)

(@)

C

ud

U

)

<
)

QI0HLMIY SONIW-L O315uW!

e

> 4

Case 3
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Figure C-3j.
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The performance plots for this case were similar
to the plots shown for case 3 and thus are omitted.
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The performance plots for this case were similar
to the plots shown for case 3, and thus are omitted,
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Figure C-8b.
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The performance plots for this case were similar to
the plots shown for case 8, and thus are omitted.

Figure C-9., Case 9
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The performance plots for this case were similar to
the plots shown for case 10, and thus are omitted.

Figure C~1ll. Case 11
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Figure C-1l2c.
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Figure C-~1l2g.
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Figure C-12h.
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The performance plots for this case were similar
to the plots shown for case 12, and thus are omitted.

Figure C-13. Case 13
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Figure C-1l4g.
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Figure C-16d.
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The performance plots for this case were similar to
the plots shown for case 12, thus they are omitted.

Figure C-18. Case 18
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Figure C-19b.
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Figure C~19e.
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Appendix D

Computer Software (Correlator/Kalman Filter)

This appéndix contains the Fortran source code for
the implementation of the algorithm of Figure 1. The
program also contains the truth model described in
Chapter 2 where the trajectory can be generated either
with the model internal to this program or using the
trajectory program given in Appendix E. (Note: For the
multiple hot spot model the program given in Appendix E
is used). Finally, this program contains the routines
to calculate and plot the tracking errors of the algorithm
which are presented in Chapter 5 and Appendix C. The
program was written for use on the CDC Fortran IV compiler.
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JGIAM MAIY

TEAL 71¢7)

CORL2=-IMPLEMENTS THE DIRECT COIELATION VEYHCD (Z‘A”D £

nnnnnnnnnnnnﬁnnnnnnﬁﬁnnnnnnnnnﬁnnnnn

T ST T P U U . T S SR S S ORI Uor S S, PSS-SO SOV S T W . J

78714 raj=1 PuUnmd FTM g4 4+%5534 10/

P0G AM ”A!«(I'”UT.%UTFUvaQp?:=fN°UV'TAPEG=QUTPUT.'APE1-
DEBLG=CUTPL "y APE-)
FEAL VAKX (3D 9 SC12) o XMAX(R) g YMAY(3) 9 (6407 4%)

TEAL SFILC2y )
AEAL XT( el ) ePHITC( o) oDNPCCT(29%)eHC2y DY T(2,41)
FEAL W(E4) o V(54D ,UC(STE) '
FITEGER L €E )y LR ANE S W UMH S  TRPARE Ny 5 TRUNy TN
CIHMFLEY DATACZ&492%) o WITKCIZ) 9SAVE(29924) 9DX(28424)9NY(24424)
COMFLEY DA A(24+24) .
SEAL UTC291) 4BNC92)
NEAL FILPL(4.2)sACTRL(AON) oFTLOY(427)4ACTOY(400)
SEAL TIMPLC4LC)»TIM: (250)
SEAL PTA{407) 9P TH(4CT)sPTLC400)927D(A02)
CTEAL SIGMSeALP-D
SEAL UPD(8)y "VFFP(5Ry)
INTEGER QFR[ 7T 4"CHA .
TEAL EXUTC2¢32C) o HSTIAC20C) 9H313(20))9HS2A(20C) 9H2B(207%)
JEAL HSIAC2I.)oHI3B(2C5 )9 UMAXEX(20C) 9 IANEX(200) 9 TIMEX(2 )
“EAL COSW(22%) '
INTEGER CORRL,IPLOT

ST 6F THE MAJDRS PROGTAM SUBRPOUTINESD

"HE FOLLOMWING i€ 1
{GN "F THE SUBRCUTINES ROLE IN THE

.
AND A BIIEF DESCR
ALGDEITHM

CHULY=-IMELEMENTS THE CHCLEZSEXY SQUARE 2007 RCUTINE
CENTHD=PEPF "7 MS THE CENTER 2F MASS CALCULATINAN FrR THE CARRELATNR
CORSEL=-IMPLEYENTS YHE CCSRTLATICN RICUTINE FOR THE FF' AND

PHASE CO7RELATINN 2QUTINES

LEVEL OUANTIZATICN)

FILPT=-ARFANGF.S THE DATA FOR THE FILTER V<. ACTUAL RMT E20QF 3LOTS
FILST=CALCULATES THE ERRNY STATTSTIC® :
FILTFR-DEFINDS THE FILTEP STATE TRASSITICN AMND QFD MATRICES
FAUF “=IMPLENEN TS THE FFT
THITP-GIVES THE INITIAL FILTER VALUES FCR TDF AND TAF
TReUTI-CiLEATES THE "FAZUSEMTNT ARRAY FO? [SNCARPPORATION [NTO "HE

KALMAY FILE® '
PLTA-PLGTS “HE FILTER® VSe. ACTUAL ERZCR DATA
PLTH=-PLOT3 "HE VEAN ERRMNE3 #/- 1 STAYDA>D DEVIATINON
PRAP-PROFPAGATES THE TRUTH M2DEL STATES
PPOGPF=PFCPAGATES THE FILTER STAFES
ANEST=-TMPLENFLTS THE QFO0 ZSTIMATIAN RQUVINE
CHIFT=IMBLEMENTS A SPATIAL OPHARE SHIFT IN THE FREQUENCY DOMATIN
AMONTH=PEPFI'M3 THE EXPCKENTIAL 3MINTHING NF THE INTENSTIY PATTERMN
JPTH=-SETS UP THE SPATIAL MOISE CORQFLATION CTEFFICIENT MATRIX
TTATFM-CALCULATES THE FP30RS AT T(I-) FN® USFE Ry FILST
ITATFP=-CALCULATES THE ERPORS AT T(I[+) FIP USE BY FILST
TAQUTH=-DEFIES THE THUTH MOIDEL STATE T2ANSITICN AMD AD *“ATRIX
UPCAKF=-IMPLEMEATS THE KALMAM FILTEX MEASUREMENT UPDATE EQUATION

DATA ST¢UCTURET T GATHER STATISTICS ON FILTER
TRACKE® CAPIAILITY
XF ML IS THE CPoC+ BLTWEEN THE P2EDICTED X DYNAYIC LCCAY IO
Al A PAFTICULAR "'MINUS TIMF A'D THF TRUTH MODEL TRUE

Reproduced f
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;i' SGTAY FAIL 74/74  P1z1  pMpaD FIM 8.+ 4367 10
-
-
- C ¥ DY AMIC L CATI’
A CF.
5 C AFME2 (5 1HF LAQUAGE CF THF XTuE
. c
Qﬂ c NATE THAT XFWE AND XFMI2 ASE AS2AYS WHICH ASE DIMEVAICYED TH
o= TEAL XFVECA U 0) o XF H2( 49200 ) 9T UVE(S4270)
- FAL CMER(1 20 1) XFillT (2700 v EMP5(0,4273
- TEAL CHAMGCA)203)9C HP T8 4270 )
S e BE 2X2° THE ST267 174 7' ZACH TS USED F B THE X
F! C DI-ECTION WHILE THF SECHOND ~0W IS FOR THE Y DIRFCTION
- .
g c CHME  [S "HE EORCF [* T4E PIINICTED LOCATICN CF THE CE'ITROID A7
3 .C A PAPTICULAR “IMUS TIME CNMPARFD TN THE TRUTH MODEL
s . c CHMF2 IS THE 3QUASE OF CNME
= c
{ | c NOTE AGAIN "HE DIMENSION OF CUMI AND CUME2C
C
]
! c XFPE IS5 'HE TPRCF BETWEEN THE UPDATED DYMAMIC LCCATIIN AT A
i c TICULAF PLUS TivI AYyD THE T2UTH MGDFL TRUE DYHAMIC
i c XFPL2 [5 THE CQUA“E NF XFPE : :
. C )
- c MOTE THE DIMEMSIONALITY IF XT2E,XFPE2 F2? THE SAME REA3QNS A3
-~ PEAL XFPE(4,230) 9XFPE2€44200)9CM2E(A,4200)
a TEAL CNPE2(442C0)
PEAL XFPM3(43200) 9XFPP5C49230)9CANPMS(29200)3CHPP (44200)
TEAL PFPGT(: 9200 ) ¢PFMST(14230)

y
C .
c CHPF IS THE CENTRZID E37¢ AT TYE PLUS T “E
c
o FIL F=% DATA 3T2UCTURES
c
( UHIF I3 THE STATE TRANSITION MATRIX FCGP THE KALMAN FILTER
C ~3EF 3UB2CSUTILE FILTER
(o aFD IS THE RESULT OF THE [NTEGPAL TERHM IN THE PRCPAGA ION
c -CF "HE COV MATRIX EE SUBROUTINE PFOPF
{ c PFP IS THF FILTESS CAVARIIAYNCE MATRIX PLUS- AFTER TNCN?PORATINN
y c -0F A UFASUNEMENT
= c PFM I3 THC FILTEFS CRYAITAUCE MATPIX MINYS AFTER PROPAGATION
‘e c -BUi P& R Tg MEASUACUTMT IUCNIPORATIQON
S C XFP 15 THFE FILTES STATE VECTNR PLUS
i [ XF™ 'S THE FILTEY STATE VFCTOR MIKUS.
C
“FAL PHIF(3e ) gOFDC B 9FFP (29 ) pPFM (392 ) o XFP(8) o XFM(F )y " IME
c
o c b4 IS THE KALMAN FILTER MEASUREMENT VECTAR
- [
Ey' FEAL 7(¢h4)
- C .
3 DIMEXSION MAMECSS)
- (4
s c ARRAY NAME STORES THE PL2T TITLES
r - C
4 NATA MAMECL) /4G HFLLTER V ACTUAL E939 (X-POSITION) ’
a A DATA MNAMECS)/4CAFILTER VS ACTUAL ERSTR  (Y=POSITION) ’
) DATA NAYE(3)/Z4CGHESTIMATED X-VINUS 203ITION (e/<) SIGMA 7
- NATA LAMECL3ID/ACHEST (MATED Y-MiNU3 POSITION (e/-) SIGMA /
s ’ .
t" 286 Reproduced from } -
) best available copy
k. o . S e B




3

r". d

a

. "OGRAM MATY
‘@

o0

OoO0a ™

;N
ta NV

OaO000OUNn

[g]

Sea

C

74/74  291=1  PMpDM? ' FT™ 4.245564

DATA NAME(17)/43HESTIMATED V=-0LU3 203ITICN (+/-) “IGMA /
DATA HAMEC(21)/4IHESTIMATFD Y=PLUS 203 TICY (/=) <TGMA /
DATA NAMEC(29)/SCHESTIMATED X-MT4 'L CENTROID POSITION (+/-) -IGMA
DATA MNAME(3))/3THESTIMATED Y~MINUS CFMTROID FOSITIGN (¢/-) "IGMA
DATA NAMEA(3ISI/SCHEST IMATED X~2_US CFNTRGID POSITION (e/-) ~IGMA

DATA NAME (4:2)/352HESTIMATED Y=-PLUS CENTINID POSITION  (e/~) STGMA

-

DATA “Ni/244248/7

INUTTALIZE THE FILTE®T DATA STRUCTUFRE®

NVEL 0=-10C",
YVEL 0=,

CZVELTG= S .

DPT=(1e/7300)
ASPi0=1e
SIGM3=SQRT(24)

FOP A GNE HOT SPNT SIMULATION SET MUMHI=
UMY =3 . )
HRITE(GRySTHYI.UMHS

FORMAT(L ¥ g% NUMBER F HTT S207S5=e418)

iF UIING THE EXTERNAL TEAJECTDRY SET TPAGEN=2
RAGEN=1 :
IFCTEAGENEQ.2IHPITE(69551) 4
FORMAT(1Xy+ EXTERNAL TOAJICTARY®)

<ELECT THE PINT [} THE EXTIRvAL TAPE TN STARY THE PUN

IF (TRAGCM« . Fa2)60 N 573

3TRUMN I3 THE PAYAMETER WHICH SITS THE STAKRT POIN"
STRUN = : :

WHALTFCbe 5H2)5TRLY

FORMATCI Xo* -Uli STALTED AT #,41%)

CONTINUE

"HE FOLLOWING {3 A LIST CF THE COR2ELATION METHOOS U3ED
CCR7L=1  FFT METHCD

COPPL=2 FHAGE COYRELATION 4T7430

CNRYL=3 NIRECT METH(D 2-LEVEL QUANTIZATIN?

CO?7L=4 DIRFCT METHOD 6-LEVFL QUANTIZATION

CIRc L=

YARITE(L9968)CONRPL
FORMATCLXy*¢CLAPELATOF=e478)

"
N

[F PLCTS ARE DESTRED SET IpLa”

2R7

10/




Z. 0GR AM MATH T4/74  CPT=1  PMDMP F™N 4.R+554 194
9
. IPLAT=]
€
. MRITE(H961)
a1 FOPMAT(/91Xys CASE 000" «)
cH :
C
c JET. THE CCRTZELATNR THRETHOLD
THRE H=.3
c
c » -
c IF THE INTESLAL TRAJECICFY IS BEING USED TRATE SETS THF
: c DESI+ED G MA'.EUVER
. C A TUFN EATE(TREATE) = 0195 YIELDS A ?=6 TURY
- c A TU"M PATE = o778 YIELDS A 13-6 TURN
- c A TUSN PATE = o1%6 YIELD® A Z20-6G TJ_N
: TRA"FE= «7196
tl WRITECE455C) TFA'E
; 53¢ FOOAMAT(LINye THF TURM RATE I3 #4F348/7/)
(o . '
c TDF IS THE FILTE® ACCELSFATICN TIMT CONSTANM
"ATA TDF/3.3/
_ WRITE(6y31)FDF .
{ 21 FNRMATC(1 Xp* TDF=#y£18.6)
- (o
c THE FILTER MEASUREMENT COVA2IAVCE MATRIX (RFIL) IS DEFUNFO
c ACCUPDING TO THE CORRFLATION MSTHOD STATISYICS
DATA “"FIL/ef743590a9CeyeCCS3C/
c IFCCUPRLeEGe2) "FILE191)=4472
p Q:‘ C IFCCORALER2IFIL(202)=e374
& [FCCORILETIIAIFIL(141)=.02413
TF(CHERPLFQaS)FIL(242)=.0N58D
o IF(CURRLEQADEFILCL91)=400733 _
9 IFCCTRAL<EQ#) FIL(Z42)=.0071 4
# CQ.QOQ.chﬁitlitcttt.ttlt.ttititnit.....ttt.t'Qithﬂtttthtittititt.hI.I.l
= Cer : ITNT I ALTITZATTON P
.'- C.Qtt.li.tt..i*tﬁt‘dQﬁttlﬁaattbitttiQihtittﬁthitt.t.tt.tit.tﬁ..0...&....0
- c
b CALL PAANSET(12349)
Ei $4321 MWRITE(5+37.7)
S 37 7 FCRYATC1IXy*GAUSSTAN TAGET COVAIIAMCE VALUE#)
, EAD(CSe5L0) CQV
4 Set FORMAT(FE42)
g; TFLCE F(S)eMEN) GO T4 5421
= WRITE(6+37° 1) ~
:‘ 37T 1 FORMATCIXe* "UMBER CF Z2ECIES T PAD*)
S ' TEADCSyG61Y 12
. 561 FCRMA(I2)
. - NZM=25-117
3 WRITECG93732)
3 37-2 FOPMATC] Xo# "UMHER CF FAAMEIe)
PIE FEADCS59562) NFIAMES
& 56 : FORMAT(IS)
a WRITEC6 94023 ) ,
3 49323 FORMATC1Xge" UMBER CF SIMULATI N #)
- FEADC(S9SC1) NRUMS
4 WRITE(L37i})
¢
-
[
.
L;A:...A_-.;_',M..MV s : e i " —— — i —— U e - A_J




L2000 0 4 v.'vw,
ot Cte

g 1IGSAM MATN 79714  SPT=1  pupwo FTY 4.°4564
-

E“ I7 3 FORPATC XeaALPHA FCF SMCOTHINGH)

- TEAD(G9556) AL- HA

374 WRITECE 43T )
31°5 FOPMAT (! Xg o LUMBE® CF HIGH FCSEQ COMOANENTS TC ZERPQe)
REAN(S,%61) FFIFQ
{SF=18=-LFRLY
[EF=12+"FRLEN
WRITECG937~4)
3752 FCRMAT(IXoa LLPUT MEASUSEMIVNT 23303 YATTANCEe)
PEADCSsSET) VAAM
8¢ 2 FOSMAT(2FG.T)
FEADCS o3&3)x:
HRITECAy 3TITINS
37°T FORMAT(LXe¢[*“TiIAL X POSITION®sEL16aT7)
5S¢ 2 FORMAT(F1%e2) '
"EAD(S 953530
WRITE(69 3775V
I7.%  FOIMAT(LXs¢I'ITTAL Y PC3ITION®9ELSST)
"EADCS 953D/
_ WRITE(69 375D 2C
3753 FOPMAT(LXs#I°ITIAL 2 POSITIANS)E1647)

S

O

CALL IMITF(TAF 4VARDF VARAF)

VAR[ANCE=CuV.

(o N el e

SC1)=1./C0V

1€29=0. $
(3122, :

$€4)=3C 1)

S(5)=5(1)

T(52)=0.

3(T7)=0e

SC4)=7C1)

3¢9)=3¢1)

3¢1mM=z,

I(11)=d.

3€129=5(1)

NITIAL UZE TARGET THMTENZITY ASSUMING

IN?
3 CIRCULAP CROSS=SECTITY GAUSSIAN TARGE .

mS,O000

{MAY(1)=20.
[MAY(2)=20.
IMAX(3) =20
c DEFIME TRUTH MOOEL NDYNAMICS

WRITE(G 9965)

n65 FORAATC(ZX9o5TDe DEV OF TSUTH MDDEL ATMASPHERIC JITTERe)
REAN(S96655) 3TGDT

ELEH FORVAT(F3e3)
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- 9GP AM MATL
qQ

o?

554

s Ne e R

~ -
c<

C USING

T — v

184/74 FTN 4,3455%

0Ptz pMpME

ICHQ = 1 AFD 135 ADAFTIVFLY S:TIVATFD
~EADCSH 5 E1ITCHY -
IFCICHQNEal )G
GALTE(HeRTL)

FOPMAT(LXs/9* ADAPTIVFLY ESTIVATE QFDey//)

CONTY INUFE

-~

BEAY

CALL TRUTHOFMIT QDR 0T 949SIGIT4NT)

THE FXTER4AL “ATSICED 7Q ZF3C
DL 554 [=142%0
H 1A(I)=",

H 1BCT)=C.

H32ACI =0,

TPRCI=C.

H> 5ACI)=0.

H "BCi)=de
. UMAXEX(I)=1,
SANE¥ (1) =04
CHSHLID=G.

TIMEX(I)=0.

ENUTCLyI)=0ie

EXUT(2y10=",

COLTIHUE

INITIALTZE THY FILTLCR £330 MATIICES T2 zeRn
N 21 I=144
DO 21 J=14NFf AMES
XFME(I 9yJ)=0.
(FME2(1eJ)=" 0 ' 4
CHME ([ 2J):=0.
CS'FET)( I’l’ )= .
“FPE(T yJd)=Co
XFPE2C(Lod) =T
CNE(I ¢d) =00
CNEE2(Ied)=l o

N> 2¢ I=148

N 27 J=1NF-AME"
PFP3 (ied)¥=C.
FFMST(TyJ)=Ce

CINTINUE

FI"ST AMD ECOVD

FLACEST NEIGHBOR DETERMIMNE THE CHCLESKY

C “RQUAREFCUTy k9 CF THE MFASUREMENT ZNVAITAMCE MATRIX, R

c

OTTOOHOOO

CALL SPTH(VARMy= 93)
"HI3 LOCF MAKES SPATTALLY COSIZLATED/UNCOP-ELATED NCIiSE
COMMENT "THE MNEXT FCUR LINIS IF WANT SPATIAL CORRELA'ION

DY 6423 [=1+6A :

DC 6420 J=149564"

’(I'J):’. ’

TFCIeEQed) F (Lo JI=VARM

COMTIVE

MODCCMP VERZION OF CHOLESKY PUTS ROJT BACK INTO CALLTNG MATRIX

290
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r'—’:n"‘"l H’ IR o

1IGIAM MAT! 74/174 APY=1 PHMDMO FTN 4.,3+554 10/

CALL CHaLY (" &™)
C
C CEAD IM THE (NYITIAL DATA FROM THE EXTERIAL TPAJECTCRY TAPK
c

CFCTRAGE? oLE 02263 TO S5°
55¢ CONTINUE
FEAD (S o ) ITEC oEXUT (L o1 ) o EXUT(291)yVMAXEXC(L)
*COSHMCEL) o FAMEXCL) H»TIMEXCT)
567 FURMAT(TIG4RE 1463)
CEANCI o2 IHITACL) pHSIN (1 Do H4S2ACL) o HS2B(L) o HSI3A(1) o
+HT3IB(1)
55° FORMAT (KE184.3) i
EAD (I g% IXP Y (9Y20SyZPUSeXVILTIpYVELTC yZVELT YW TRATE

55¢ FORWAT(TE14,.3)
C ' .
c LCNP UNTIL THE START PGINT [S 2EACHED
C -

(FCITERGTELSTRAUNIGD TO 557

X2=KF2S

YO=YPCS

=YPUS |

XDOT=XVELTO

YDOT=YVELTOC

ZDIT=ZVELTO

MRITE(S54541)
4]  FCOMAT(T2,# {MITTAL STARTING CONDITIONT#)
MRITE(6y-42)

S8  FCRMAT(T4 ¢ iMPEagT154aKPOSe,T2346YP2SagT48,02P0SHy
STSTeeTU" WATESoTTLoaHILA® gTa54aHS2A 0, TIC yaH33An,
vr11;.~3:LL A GLE*)

ITF(69543) " IMEXCL )y X" oY 920y TOATE
*oHUIA(I)’H S2AC1) s HSIACL) oCOSHCL)

©43  FCRMATCT 1yF5e393E1845) - $
S5~ CSNTINUE

c

c

Cotaam aaaanRaa b s bh e d R AN ACRERNE AL ARG h O NG ANANCEEAAKANRARSARRARRGORARNROR
Ces >0 THITITALIZATION LA
CAMAMRNL RO R AR R R AR A T A A R AR A CA N AR AR N NGO E AR RN C TR RN AR AR R AR O TGN RAY
r

COradn st s ar dh A AR N A RN AN R AN E AR R RN RA NN R R AN R AN AR AR EAERRAARG NP RO OGNSR
Cane B EG I N MCeNLNTECSCARLDO SIMuUuLATION e
R N R R R I rmrmINImIIImMm oIy
C .
c MAKE NPULS STMULATI(NS CF YFRAMES EACH FIR MONTE-CARLQ ANALYSIS
C

DG =0 NIzleiWRUMS

MRIITE(EPZ4A)" 2
541 FCAMATC(/ o1 Xe* SIMULATION MUVMBER®,I3)

Cc .

TIME=0,

XSHIFT=0.

YSHIFT=",
C INITZALIZE SMOQTHOCD DATA APFRAY
c .

D9 T 1=192%

291 .




L -

E__ TG AM MALN 14774 "aT=1l  FUDMI ) FTN 4,7¢35% 10

3

: DT T J=1,24
7 SDAYACT »J)=C2LX (e y )

INTTIALIZE “7UTH MTDEL TTATE VICTOR

aOO

HT

Do 71 Tzl
71 XTCZ91)=Ca
XTCLyl)=xA
XTCZ91) Y
YTC(lel)=XD
YT(241)=Y2

~

o IMITIALIZ?E THE FILTERS MATRIICIS DECFINITION
CALL FILTERCTDF «VAFUOF ¢ TAF oVAFAT 40T yPHIF 9 QFNDe M3)
JERT THE FIL"ER MATFICET FO THE NEXT RUM

[ )

D 106 T=ly*
D 176 Jd=ly-
o SFMUIsd)=Ca”
- - FFP(TeJ)=0aC
- XFP(T)=0.C
"10¢ XFM(I)=0.0

I BARIRESE  usE
a0

c TET UP THE FILTER CCVARIANCS MATIIX INITIAL CONDITIONS
PFF(l1y1)=10. '
FFP(P92)=10.
DFPCS¢3) =205 0
. PFO(4948)2200",
0"‘ PFP(3¢451=10C
PFP(446)=10"
FFPC(TeT)=42
FFP(F ¢3) =42
PFM(L 1) =PF (Y1) 4
CFM(Z92)=PFt (242)
PFMC393)=PF = (343)
PEFMC334)=FF=(84%)
PEM(595)=PF? (S543)
PFM(396)=PFT (64t )
EFMUToTI=PFT(T47)
FFM(>9R)PFE (2 42)

. C
S C
- D 43 1=1,¢ .
fﬂ PFPS (I 1)=PFP Lo I)ePFPRT (1)
u a3 CONTINUE
. c
L c
B C TNMITTIAL COMDITIONS CN DYLLAMIC STATES
C
c .
) XFPCL) =X 73
‘ XFP(™)=yC

_ XFHCI)=XFP (L)

: XFW(Z)ZXFP(2)
» ANGED= SQRT(XCra2¢yCoe2e200e?)
FHOR=(Xjee2e20002)
FANGE=(IHCR#YO00Q)




YGRAM MATN Ta/174 GPT=1  PMpDNP ‘ FTN 4.5+559% 104

XFPCI)=(-20e> VELTO X2 @ ?VELT ")/ (RHG ¢ 02002

PTHORZSQPTC(RH™ )

XFPCO)=(RHO s YVILTC-YOe((XOeXYILTO4Z)e?VELT")/RHCR))I/( A" GE"
*.N00132)

"ANGE=SQF 7 (2 ANGE)
VMAXZSOQRT(XYELT I # 22 ¢YVELT)ea2e7yELTCaa2)/(~A'GE«,000C2)
XEM(3I)=XFP(3)

XFM{A)=XFP(4)

XFP{(R)=85.3

XFP(£)==2,.0 *

D} 15 I=1,443
1 BOC? .1)-1.
: HD(T42)=
1 15 CONTINUE

BD(1,1)=D7
= BD(242)=DT
UT(1y1)=XFP(3)
UT(2+1)=XFP(4)
DEF I NE "UPPE==LEFT CCRUEI JF FIV

X=XFP(l1)-4.
Y=XFP(2)-4.

>
oM

C
C ZE?: THE VALUES NEZDEOD TQ ESTIVATE QFD
' TRXXT=0.
TEXXTO=( W
APRINT=C
C
c TRACK TARGET F2° MFRAME FRAMES (TIME ILICED) _
c.iit.lhﬁ.tttit.thQQQQQOQQ.QOQQ.QQ.QOQQ..th..tht.tt...*.'lth...i..ttttt
D0 30 NR=19MFSAMES
c
Ctottbbtttﬁtitti.t&itht..Qttﬁ..ttﬁQt.Qttttthtthtt.tlth!th'i.t.ttt.t.tt.l
C .
C DEFIYE GAUTSIIAM PEAK LNCATTYONS BASED ON CEMNTROID POSITIONy YT
C

YMAXAL)=YT(2y1)
XYAXCL)=YT(lsl)
IF(RNUMHS A EQe1 )G “C 72
YMAX(L)= YT(2e1) + HSLIR(HT)
NMAXCL)=YT (191 )=HS1A(X-)
XMAXC2)=YTClol)=HSPA(NF)
XMAXC3)=YT(1ls1) = HIJA(*?)
YTMAXC2)=YT(291)+HS2RB(N)
YMAY(3DI=YTC291)#HSIBCNT)
e CONTTNUF

c :
C GET MEASURENELT NCISE AR3IAY
c

CALL NOISE(WsHA)
CALL MULT(ﬂvHoGQ.64.19V)

GET MEASUREMENT DATA

anon

293




Vs Al ek il oA

IGEAM MAIN

"0

MO0 . e

o O a.m

103
c

XA

637

c
.C

Ono

/74 3PT=z1 PmpMd FTH 4.n4554

CALL (NEALCI “AX G XYAX G YMAX gM g . Z o X oY DNATA DX DY oSIGMS¢RPANGED 9 RAHGE y
*UTQVIAXeASF L)

CALL INPUTIC . MAX g S g X MAX 9299 X 9 Y9 JATASCE iX9CEPIYoYMAX,

¢ IGYS e RALGED - A;GE.UYth'Aon‘PM NUMH3I)

ANDD CCRAELATED MEASUREMEMT M2TSZ T CEMTER <XQ PIXEL DATA

07 % I=1e"

DY 3 J=1lyd

DATACI*" od¢ I=NATACI+ g Je3)elMILNIV(Ia(I=1)0J)43.0)
CONTINUE

ADD UNCCRRELATED NOISE T2 MEASUREMENT DATA 2UTSIDE CEMFR
AKX PIXEL ACFA, : :

CALL MNOISEC 'Ce376)

DY 6 (=124

DT R J=1424%

IF(leGl e PeA " DeloelEel6eAMDeJabGEeFaA'DeJalEalR) G TO €
[IFCCIelEe:7 ) al e (UJelE e ?2) el e (Tl aGENZU) DR (JGELNZMY) GI TN 5
DATACIZJI=DATACT gJ) ¢CMPLXC(UC(284(I~1)+J)p)e) «SQRT(VARM)
CONTINUE

CPEATE THE MEASUPEMENT VECTCR FOR THE FILTER UPDATE

=g | .

DX 101 I=3616

DT 101 J=3417

K=K+}

ZCK)=REALCDA ACI»J))

IF(N" eNEel) CALL CCRREL(NNWDATA9SDATASNCENTYCENT9Xo Y9 THRESH
¢CCR-L) $
211 )=XCENT
Z1€2Y=YCENT

GO CALCULATE THE ERACRS JDF THZ FILTERS ESTIMATE PRIGR 79
- MEASUSEMENT INCOQRPDPATIOM :
CALL STATFMUXFME ¢ XFME2 gCMMLyCUMT 29 XFMgXT o YT o IRyMFRAMES,
¢ FFMPFMST oUT)

TNCrAPOIATE MEASUREMEAT

iF(NCeEQel) GO 'P 1¢4
CALL UDCOKF(lleFPoXFNo’FD CFMQ’FILvUPn!

IF(M3eNECLIGr 10 697

HRTTFE(59696) (XFP(I)el=143)

FORVAT(1Xy* XFP4¢98F14.5)

COMNT INUE _

CALCULATE THE ERRPORS FM2 TYE SILTER AFTEP THE INCOPPORA [ OM
NF "HE MEASUREMFNT

CALL STATFP(XFPE, prcz.c'o;.cvae’.xr.vr.xrp.un MFRAMES,

s PEP Y FFPSTHUT)

3ET THE TIME FG2 THE ADAPTATIOY TO START
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TIGTAM MALN T84/74 TeT=1 PO FTM 4.8+4554

(FCTIMESLTo 9B 7 "7 44

IFCICHREQe JCALL QOESTC(IVPTP¢IdFPyU'DyTPAXTy TRXXTO
* vQFDyTIME oQP= IHT oM7)

COGNTINUD

COMPUTE THE SHIFTY IMFRIMATION FIOM THE CEMTER OF FOV
XSHIFT=X=XFFP(1)*a ,~XFF(T)
YSHIFTSY-XFFR(2)#4 .=XFP(")

SHIFT THE DATA ARRAY A®pP: Q2R IATELY

GET FCRWARD FFT
1-4 "CALL FOURT(DATAYNN929e=191MH0RK)
O c '
*‘ Cc FILTER DESIFED FREGUEKCY COMPINENTS QUT
a
c

- IFC(*FREQ.GT 12) NFREO=12
. "~ IF(MFREQeLE.0) 50 "0 37°%
- DY » I=ISFeiEF

1 DY 2 J=1424

‘i : DATACIZU)I=CHPILX(Degbe)

1 ] DATACJyII=CMPLX(0av0e)
37°6 CONTINUE

C ASSUME [F M®=1 THAT THE DATA IS CENTERFOD
© IF(NP eNEel) CALL SHIFT(DATA92% ¢ XSHIFT9YSHIFT)
CALL SH“OTH(DAYA.SDATAoALPHA”b NT)
TIME=TIME + DI ‘
CALL PROPF(PH[F'GFﬂoFFPvBFMvXF’vXFH-“So:VPFP ICH2)
X=XFM(1)-4%.
Y=XFM(2)~4, 4
c PRCPAGATE THUIH MODEL STATE ONE FFAvE
CALL PROCP(PHIT+sGDRUODToHoNTeYT929249717+8Dy
STIMEsDTe TRATF o XD e YO e ZOg VMAXGRANGE 9 TRAGE Ny Ry NS HEYUT,
HSLAWHSLBoHS2AsHI2B ¢HIJASHSI By VMAXEXsRANFE X9 TIPEX COSH)

IFCh3eNESLIGE 1T 30

WRITECS9ATAIIXFM(LD)yI=147)
64 FORMAT(/ o1 Xes XFHeyiE14.5)

HRITECE96T9) (XTI 9l )pI=1e)
615 FORMAT(L X9n XT «43EL184,5)

C

ag CONTINUE

R ARt n s RN N AT AR R AR N R E R R AR AR AR RN E R P AN R AN ARG AR AR AR AR RN AR RN AR ONRS
Cer END moNTECAP LD StTMYMuLaATION e
CrHra A ¢ a s At AR AR ARG AR R T L e AR RN R ENARNS A ARGIONORONRERGRCREGAREORD
C

C CALCULATE MCAN AND VARIAMNCE STATISTICS

c .

CALL FILIT(XFME ¢XFMLE2sCNME ¢CNUF29XFPE9XFPE29yCNPE9CNPE29N2UNSH
BNFRAMESoPFP5ST9yPFMST o NFMMS g XFUPSeXFPMI 9 XFPPS s CNMMSE 9 CHMPS o CNPM 39 CNPO
*3)

CALL FILPT(PFPS fvPFMbTaXFPEZvXFWtZoVFRAMES’TIMPLQACTPL'
’FILPLQFILPY,QCIPV.T'WR)

2QR




IGR AM MATY,

45

A4871

"RITY DETAILS DIAGNOSIS OF P~ QBLEM

PaERLE B B BN 1

FILTER V MHOLLERITH CONSTANT «GTe 1) CHARACTERGy FXCESS CHARACTERS INMITIAL
FILTER V HOLLERITH CONSTANT «GTe 1) CHAIACTERS,y EXCESS CHARACTERS INITIAL
ESTIMATE HOLLERITH CINSTANY o4G7e 1) CHAIACTERSy EXCESS CHARACTERS TNITTAL
ESTIMATE HOLLERITH CNONSTANT .GT, 10 CHARACTEFRSe EXCESS CHARACTERS INITTAL
ESTIMATE HOLLERITH CONSTANT o«GTe 10 CHARACTERSy FXCESS CHARACTERS INITIAL

74/74  QPT=1 PupwD FTN 8,34564% 10/

NIML=NFRAME 2
NIMI24NFRAME 2 o2

TFOUIPLOTMES1)GD TO 565
CALL PLD ST eglies?D)
CALL PLN " €(3e93ea9-3)

Al INPLTB YIELDS x STATISTICS A 2 YIELDS v

CALL FLTACTIMP L ACTPLyFILPLyNFIAMES ¢NTVy 19 AME)
CALL PLTA(TIAPLyACTPYFILPY s NFIAMESyH[MeSeNANED)

CALL PLYHCTTMR oXFMMSyXFMPS ¢ XFMT g VIMLoNFRANES g1 oNAME 97 oNI Y
+PTASCTByPTCHPT D)

CALL PLTBCTIMR ¢XFMMS o XFMPSeXFMIgNIMLgNFRAAMES 92 gNAME9139idT My
+PTASPTRIPTICPTD)

CALL PLTBUITINR oy XFPMSoXFPPSeXFPIoNIMLINFRAMES g1 oMAME 91T o NTYy
+ “TAsPTBsPTCHyPT D).

CALL PLTB(TIMP oXFPMSyXFPOPSyXFPZyNIMLyRFRAMES g2¢NAME 21 N1V,
+*PTAPTByPTCHPTN)

CALL PLfB(TI“RQC”MMS’CNMPSQCNHZ'VIVI|NFRAFE5’loNAMEvzsvufMQ
+CTA9PTBePTCHPTD)

CALL PLTYBCTIMR yCNMMSoCNMPS oCNMI o NIML 9 NFRAMES 92 ¢MAME 9309
+PTAsPTByPTCoPTD)

CALL PLTBLTIHKR CNPHSQCNPPSOCNP’!NI"IQNFQAMESQIONAHE'35’VI“O
+PTAZPTByPTC»FTO)

CALL PLTB(TI“Q9C\PM¢9CNPPS'CNPEQ“IHIQ”FPA"FSQZQVAME QOvVI!.
*PTAsPTBWPTCPTD)

CALL SYMBOL(0e30e90.259%HCASE 21 40.¢3)
CALL PLOTE :
COMVINUE $

WRITE(6595987) “MRUNSINFRAMESINZsMFRED«COVeVARMALPHA.
L] SI{GOT
FORMATCLHLaT1C o Ur.S=wp 29T 33 9#FRAMES=09[4yT73¢+KNUMBEP “ERND PAD=»
[1oT10" oo MUMBER FREQ ZERDZTI=agI24/9T109+GAUSSIAN CCVARIANCE=",

FSOe2 T3 9aMEASUSEMENT NOISE VARIANCE=29F 951 9TT739eSMNOTHING ALPHA
e gFTe3s/e 10 ‘

*»TRUTH MODEL WNCERTAIMTY=e FTe34/7/7/)

HRITE(G6943)THRE™H v
FOPMAT( (1Y e+ THE CORRELATAR THRES HOLD IS *eF6.2)

GO TC 54321

stnp

£EVD
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FTH 4,1¢559%

L; ‘UTI*E UPCCKF 78774  GPI=1 PMDMP

e

Pﬁ SUBROUTINE UFCCKFCZLoXFP XS (3T PV RETL 4UPD)

- TEAL Z102) oXFP (3 ) oXFM(H) gFFE (29n) gPFM (391 ) 9PFIL(242)

REAL REZSI(2),UFICH)
PEAL HTCH92) e H(243),GACNK(3492)

UPDATE EQUATIIN.
XCTI#)=X(TI=)+KCTIICZCTII=HX(TI=))
P(TI+)=P(TI-) = K H P("I=)

NHERE

KCTI)= P(TI-IHT(HP(TI-IHT +R)-1

OO0 00

)

o
:cnu1

D7
D

b
we 9
SN D

I:
J
(8]

e H il

S . CONT INUE
H{lsld=1le.
H(ly7)=1e.
H(292)=1.
H{298)=1,.
DY 6 I=1,9
DO 6 J=1,2 _
HIF (Lo JISH(J i)
6 CONTINUE
' CALL MULT(PFMoHT 8952 929TEMP])
CALL MULT(HsTEMP1 9292 929TENP2)
DY 1 I=1,2
. D7 1 J=1y2
1 TEMP2CT14J)I="EMP2(I o J)+RFILLLI» )
CALL TMVERTC(TEMP2,42,TEMINY)
CALL MULT(HTsTEMIMV 2 9292TEMI1)
CALL MULTC(PFM,TEMP1l 3R 489296AC2K)
CALL MULT(HsPFMe2499,5,7FMP3)
CALL MULT(HeXFM924939lyREZTI)
CALL MULT(GACOKs TEMP3y392939TEMPS)
DY 2 I=1,8
D7 2 J=1,93
PFPII o J)=PFM(I yJ)-TEMPE(TWJ)
2 CONT INUE
D2 3 I=142
RESTCI)I=ZY(I)-FESTIC(D)
CALL MULTC(GACCKsRESIL9PRe291,4UPD)
DD & [=1,8 :
XFPCI)=XFM(I)+UPD(I)

i B diin e Eagie
@
N

PRIy
(7]

a0

RETURN
E'ID
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SEAL TEMPRI( 9209 TEMP2C292) 9 TEMINV(292) oTEMPI(24R)9TEMPA(ri4R)

THIS SURAROUTTIME IMPLEMENTS THE KALMAN FILTVER MEASUREMENMT

i e
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WTINE QDEST 74774 0PT=1 PMOMP  FTY 4.94564

SURRCUTINE GDESTC(SVPFPePFP o 2D TAIXNT p TAXNTNQAFDN
¢ TIMESQPRIMNT 12

REAL SVPFP(S:3Y9PFP(2,8)sUPD(3,4)DXDVT(298)
REAL QOMANX(3)
PEAL QFDN(B95) 9QFDOCH 93 9SAVE(33)
FEAL NTRXXT«TRXXTOsQFACTOR
INTEGER NFRAMES» QPRINT
C
C THIS ROUTINE ESTIMATES QFD USING:
C AD=(XCTI+)=X(TI=))a(X(TI+)=XATI=)DITe2(T! +)-PHIF+P(TI-14)esPHIFT
c
C THE FIRST TERM IS APPROXIMATED BY
C (X(TI#)=X(TI=)Ia (XTI +)=X(FI=D)T=K(TLIRCTIIRC(VYIDTKATIT
C WHERES
C K(TIY»= THE KALMAX FILTER GAIN
c X ETI2= THE FILTER RESIDUAL
Cc SVYPFP= THE LASTYT TERM [N THE QD ZQUATI"NM
c .
C A FADING MEMORY'TECHNIOUE IS USED INSTEAD OF TIME AVERAGING
c
Cc FROM THE FILTER UPDATE UPD=K(TI)*R(TI)
c USING THIS DELTA X « DELTA X (T) IS OBTAIMED
c .

NY 89 I=1,8

DO B0 J=1,8

QFDACIsJ)=0.

80 CONT INUE
QDMAXC1)=2,
QDMAX(2) =24
QDMAX(3) =14,
QDMAX(4) =14, ,
QDMAX(5)=20. s
ADMAX(6)=20.
QDMAX(T)=.5
ADMAX (8) =.5

C

MTRXXT=0 .

DI 10 [=1+8

N0 13 J=1leH

DXDXTCT pI)=UPDCII*UFPDCJ)

10 COMNT ITMUE
C

Nd 20 I=1,.8 '

' NTRXXT= MNTRXXT + DXDXT(IoI)
20 COMNTINUE '
Cc

TRXXTO= TRXXTY

TRXXT=.3‘TRXXTOO.ZFHTRK!T
C
C STJIRE QFD FROM THE PREVIOUS ESTIMATION
c .

NY 30 I=1,8

D9 30 J=1.8

QFLDOC(L +JIZQFDNCL s )

30 CONTINUE - .

298
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c :
C F23IM THF NEW ESTIMATE 2F QFD
C

DG 40 I=1,8
0C a0 J=148
SAVE(T +Jd)= PF2(I9J) + DXOXTC(I,J)
QFDN(I s J)= SAVE(Ied) = SVPFP(Is+J)
i\ CONTINUE

CINCURE THAT THE MEW QFD IS BOJMDID

EsRe s .

D 59 1=1,8
QFACTCR=1. . .
[F(AFDH (L9 )BT e0)G0 TN 31
"QFACT0R=0.
QFON(IyI)=.1
G T G52
51 CONTINUE
IF(SART (QFDMCT 9 I)) e G « QDMAX(I)) QFACTAN=QDOMAXCI)/SAR(
*AFDMCTI 4 1))
IF(QFACTOR.GEe 142G "0 352
QFDN (I ¢ I)=QFACTOR*#2«QFDN(I» 1)
52 CONTIHUE
D} 54 J=1.3 :
IF(l.EQed) GO TO %4
QFONCI s JI=QFONCI 9 JI)*QFACTOR
5e CONTINUE

00 35 K=1,?
IF(l.EQeK)IGU TQ S5
GFDN(Ks1)= OFINUK,I)*9FACT AR

55 CIONTIMNUE ‘

9 CONTINUE ¢
C ) .

C CI2YBINE THE OLD AMD NEW INFCRMATION

C

DY S6 I=1»5
DT 55 J=148
QFDN(I 9 J)=e2+GFDN(I 9 J)*e34GFINCI9d)
56 COMT IHUE
IF(NSeNE<1)GO °C 70
TFCQPRINTLNE<SIGQ T 790

c
QPRI*T=0
MRITE(Ae61)" [ME

61 FORMAT(LXo//9* AT T'ME=#4F1).8)
" WAITE(H9R2VC(OFDNCIod) 9d=193) 9 =193
62 FORMAT(LXo/ 9 ESTIMATED QFD IS*e/9(1XfE14.5))

_ WRETECS o633V TRXXT
63 FORMAT(L1Xy/9e TRXXT = #9Fl4.5)
o
70 CONTINUE
OPRINT=QPRIN +1
RETUR?}
(2894
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3 AL

WWTIME STATFM

aon OO0 OO0

e NeNel

10

SUBRCUTIMNE STAYFH(XFNEoYF“EQvC““EvCN”EZQXF“'XToYToNPoNF?AME?o

74774 0PT=1 PMDO FTN 4.R+564

¢ PFMFFMST UT)
[NTEGER NI -NFRAME"

REAL
REAL
PEFAL

XFME (89 FRAMES) o XFME2C( 1) NTIAMES) ¢CNME (4 4 NFRAMES)
CNME2(4 9 NFRAME D)
XFMCB)aXT(3,51)9YT(241)

1077

FEAL PFMSTCR 4200) ¢PFM(3,2)
REAL UT(2,1)

FTHIZ RCUTINE GATHERS THE INFOIMATION THAT WILL BE
REQUIAED TO CCMPUTE THE STATISTICS COF THE PREDICTIAONS
OF THE FILTEFP PRICR TO) MEASUREMENT INCI2RPQRATION

FIRST COLLECT THE EFRCR IN THE PIEDICTED DYNAMIC LOCATION
XEMECLaMR)ZXFMECL pN“ ) #XFMCL) =XT (1o )
XEME (2 44P )= XEMEC2 g KE ) +XFM(2) =X T(241)
XFUE (3 9NR)SXEMECS gNRI$XFM(3) =UT(141)
XFME (4 957 D=XFMECS g N Y #XFM(8) =gT (291)
%0W COLLECT THE SQUARE OF THAT ERRO:

XFME2CL o NRISXFME2(1 9 HRI*(XFMCL)=XT(1gl)) #a2
XFME2(29NRI=KFME2(2 ¢ MR IF(XFM(2)=XT(291))2w2

CXFME2(33NRITXFME2C(3 oMR) ¢ (XFU(3) =T (Lol )) an?

XFME2 (49 NRISXFMECG 9 VRIS (XFM(R)=UT(241) )02
COLLECY ERRJR IN CEMTRCID PREDICTED LOCATION MIHUS

CNMECL oM DI=CHMECL g NP I+ (XFM(LY eXFM(T)I=YT(141))

CMME (2 ¢MR)I=CAMEC29NR I +(XFM(2)+XFU(3)=YT(241))
CHME(3oN D=CAMECIoNR) +XFM(3)=XT(3,1)

CNME (4 oN= IZCHMEC4 9 NRI +XFM(4) =-XT (491) ¢

COLLECT THE SQUARE OF THE ER3IAT

CHMEZ(L 9N A)=CAME2 CLyNRI+(XFUCL)I*XFM(T)=YT(1gl))ne2
CUMEC(29MEI=ChME2(29 S )+(XFUC2) ¢ XFMCi)=YT(291))ue2
D' 10 12145

PFMST(IoN")= PFMST(I4MN2) + OFM(I,1)
CONTINUE
FETURN
E'D
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STATFP 7a4/74  0PT=1  PuDMO , FTH 4.74554

SUBRTUTIMNE STATFPAXFPE ¢XFPI2 gCNPI yCHPE29XToYToXFPoMR yNFRAMES,

+*PFPFFP3ITLUT)
NTEGER HRONFCAMES

FEAL XFOECA+"FRAMES) o XFPE2( Gy NFIAMES) oCHPECA 9 NFEAMES)

ATEAL CHPE2€4 3FRAMES)

SEAL UT(241) o

REAL XTC(531)9Y¥T(291)eXFP(H)

“EAL PFPST(242C2)4PFP(R,43)

THIS [QUTIHE GATHERS THE TNFORMATIGCY THAT WILL BE
' REQUIEED YQ CCMPUTE THE STATISTICS CN THE FILTERS
UPDATED STATE ESTIMATES '

COMPUTE DIFFEREMCES THAT WILL BE NEEDED

DIFI=XFP(1)-%T(1le1)
DIFZ=XFP(2)=-XT(2,1)
DIFS=XFPIL)+XFPC(T)=-YT(1l41)
DIFA=XFP(2)+XFP(5)-YT(2,y1)
DIFS=XFP(3)-UT(1l,y1)

DIFE=XFP(4)~UT(241)

FIFST COLLECT THE ERRCR IN THE DYMAMIC LOCATION ESTIMATES

XFPE(L 4NPI=XFPECL s NRI+DIF1
NFPEC2 NP I=XFPE(24N~)+DIF2
XFPEC(I NP IZXFPE(3HMNF I+DIFS
XFPE (8 4N~ )=XFPEC(4 1T I+DIFS

"CW COLLECT THE SQUARPE CF THAT ERRIC”

XFPE2(1 eMRI=XFPE2(1oN-)+DIF1 a2 $
XFPE2(2eMR)=AFPE2(2¢NFR )+DIF2as2
XFPE2C(3yNRIZAFPE2(IyNI) ¢DIFSen?
XFPE2(44NR)=XFPE2( 39K ) #DIFS a2

NOW COLLECT THE ERFQOR TN THE CEMTRIID UPDATE

CHPECL pNRI=C™PECL yN- ) +DTF3J
CNPE (24N )=CHPE(24NP)+DIF4

NOW CCLLECT THE ERPCR SQJAE)D

CMPE2(LoMRIZCMPE2(L1 97l ) +DIF 3002
CANPEZ(2+MF)=CANPE2(29NRI*DIFAar?
D™ 19 [=1y9
PFPSTCIsNFI= PFPST(IWANR) ¢ PFI(I 1)
CONTINUE' .
RETURN
END
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- N ‘ . . .
- “UTIME FILST " 74774  OPT=1 PMDMP FT 3,24544 10T
f .

: SUBROUTINE F{LST(XFME ¢ XFME2 g CNMEsCNME29XFPE g XFPE23CHPECUTER
* A HRUNS o NF R AME 5o PEPST s PFMI Ty XFUUS s KFMPS o XFPMSy XFPPS CHUMS 9 CHMP
{ +CNPMSyCNPP )
' ' PEAL TIME(257)
(u REAL TIMEM(ZC0)
3 INTEGER NAUNS ¢NFRAME: '
REAL XFME(4,%FRAMES) s XFME2CQ 9 NCRAMES) 9CNME (4 o NFE AMES)
O FEAL CNMF2(8 4! FRAME )
N ZEAL XFPEC4¢"FRAMES) 9 XFPE2( 4 ¢ NFRAMES) ¢CMPE (4 ¢ NFRAMES )
g " PEAL CMPE2(44NF2AME ) | '
REAL XFMMS(49200) g XFHMPS(84230) 9 XFPMS(44200)
SEAL XFPPSC4,260)
g REAL CMMP3I(4+2C3)9CNMMI(49200)9CNPMI(49220)
. PEAL CHPLS(44200)
& SEAL PFPST( o FIAMEI) 9PFMST (39 NFIAME )

' c
Nl (o EXPLAYATION OF DATA STRUCTURES
: c XFME [3 THE XPOS OF THE “ILTZR AT MINUS TIME ERROP
¢ c THESE AKE ALL. COVPATIBLE WITH THF AROVE RAUTIKES
i c XEMMS IS THE XPOS MEAN EIFOI AT MINUS TIME MINUS SIGYA
: c XFMP5 IS [HE XPO3 MEAN ERIO0R AT PLUS TIME PLUS “IGMA
- c ALL NAMES FOLLOW THIS CADE
e c
. c
c THIS ROUTINE COMPUTES THE STATISTICS ON THE FILTER ER2073
C
DY 1 I=1,y0
. DO 1 J=140F ANME"
0‘_ XFME (T2 J)SXFYECT 9 JI/FLOATCYIJYS)
XFPECI s J)=XFPECT s JI/FLEATENIUNS)
CHME(LsJ)=C YUECL o J) ZFLOAT (NIUNS)
CHPE (I ) =CHFECI 9 J)/FLOATINAUNS)
DIV=FLOAT(NP!'NS=1) $
XFME® (1»J)=20RTCCABS (XFME2CT »J)=FLOATCMIUNS) » (CXFPECT o) 4 42))) /DIV)
CFPE (L9 J)=50CTCCABSCXFPE2CI yJ)=FLOATCMRUNS) « (XFPE(T 9J)4+2)))/01V)
C . ME (LgJ)=3ARTCCABS (CNME2(I 9J)=FLOAT(MRUNS) « (CNMECT pyJ)*«2))) /DIV)
. 1 CNOTC (9 Jd)=SQPTCCARS(CHPE2¢T 9 J)=FLOATCNPUNS) «(CNFE(T oJ)+¢2))) /D V)
‘ D7 1301 I=144
L DN 1901 J=1, FRAME.
o XFMM3CTod)=XFMECI 9 JI-XFME2(T o J)

XFMP (T o JISVYFME(T o JISXFME2(]oJ)

XFPM3 (Lo d) =X FPECT 9 JI-XFPE2(I o)

XFPPS(1yJ)=XFPE(L 9y J) #XFPE2(T 3 )

CHUMM™ (19 J)=CiME (T 9 J ¥=CHMED (L 9 )

CHMP (Lo J)ZCHMECL 9 J)+CIME2CT v J)

. CHPM (I oJ)=C \PECL 9Jd)=CNRE2(L o )

e 1251 CHPP:(Isd)=CAPECId)+CYE2(T0d)

DAY 12 I=1y8

DE 12 J=1oNF~AMES |
PFP3T(Iyd)=SARTC PFPS (L oJ)/FLOATCHOYYS))
PFMST(19J)=3QRT(PFMS™ (T yJ)/FLOATCYRUNS))

f‘ . 12 CONT I NUE
WRITE(Ry2)
2 FCRMAT (T2 ¢eFPAME 4 g T10 g ¢ XEA (=D gT229¢SKERP (=D e o TIhgeYEAR( =)y

BTa6 9 #SYERR(=)* oTS8 g ¢ XVELERR (=) 2y T7) 9 ¢SXVELERP (=) *,T82
Bo?YVELEAF (=) 2y T34 9aSYVELERR( <))
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‘WYTTMNE FILST : 14714 TPT=1 pPMmDMS FTN 4,2+456%

171

103

107

10

17

14

TIMXX=],
D2 3 Izl eMFIAMET
WRITE(H98) T IMXUX9XFYE(Le [ ) o XFUT2LL s i) XFYE(2,]

BYXFME2CZ o ID W MFMECS 0 I o XFUE2(39 D)o XFMEC(A9 [) o XFME2(4,1)

FORMATAT I oF o300 EL23)

TIMXXSTIMYX*(1le/30e)

CCNT LNUE

riMyy=2,

HRITE(GRy) :

FORMAT (T2 o*F ANMER g T10 g XEFQ( )% gT22 9« SXFPR(*) e gTI492YEI(#)n,
HT86p *SY_KR( ) * 3 T5H gaXVELERR(#) e 3 TT0 9« SXVELEQR (#) 0,

BTC29¢YVELER " (#)e 9 TF4geSYVELERR(#)#)

DO €& I=1NFRAME?

WOLTE(GeT) TIMYYIXFPFECLIoT) o XFO2T2L L o7 ) o XFFE(291) o XFPE2(2,41)
BaXFFECSo 1D AFPEZ( 39 ) o XFPE(S ¢y I) e XFPE2(A4 1Y)

FORMATL 1oeF3e3¢8E12.5)

TIMYY=TIMYY+(1.7304)

CONT IMUE

TIMXX=0,

WRITE(R101)

FCRMATY(TC 9 o¢FFAME 04T 12 9eCrZA =)0y T309+SCNER(=)2yTS559«YCER(~) 0,

B763y2SYCER(=)n)

DO 132 TI=1,MFRAMES
WRITE(Ge103) TFIMXXeCHMECL o) pCNME2C(L oIV o CNME (2 9I) ¢CMNME2(2,47)
FORMAT(T L oF 7 a39T109E12e50T230E12a597529E1259T669EL2.5)
TIMYXN=TI?”XX+(1e/30e)
COMT iMNUE
TIMXX=0a
WRITFE(Ay10) .
FORMATUT O o4 F2AME € g T129oCUHERP( D)oy T3] g« SCHNER(# I Mg TSSgeYCERA(#) e,
BT6E9aSYCEP(+) )
DN 3 I=l ¢NFRAMES
WRITE(61F) TIMXXoCNPEC191) 9CNO2T2(1 91 ) oCNPE(25 1) 9ONPE2(2,7)
FORMATUT14F  «39T100E12e597239Z12659T752¢F1259T669E12:.9)
TIMAKX=TIMXX+(1e/304)
CONT INUE ’
TIMXY=Q.
WRITECGy LT
FORIMATL/ /4T g oFCAME®gT14 428087 OFI(191)*3T30s25QRT PFP(242) 2,
TE39x507 7 PFP(39p3)e3TEAaet3337 DPFO(A,44)s)
DO 13 J=1eNFAME
URITEC(H918) TIMXXIPFPSTC(loJ)oPFFST(29U)ePFPIT(I0J)sPFPST(8,4dJ)
FORMATET LoF 7 o30T120012e5¢T239E1265907529512e59T669E12.5)
TIMUX=TIMUN®(L./30e)
COMT INUE
WRITE(Ey L) .
FIRMATL//oT29¢FRAMEn g T18 4« SQART PFM(191) @y T30 ¢2SQRT PFM(242) ¢,
*TTS39#35QF 7 FFM(393) ey 76h9#3Q° IFM(84948)e) '
TIMXY=",
DC 15 I=1eNFHAMED
HRITECE9L1AITTMUNOPFMITCLoI)oPFUST(24])gPFEMST(Iol1)oFFMST(8,41)
FORMATU(T I oF 03971 09E12e597239E12654TS529E12e50T7660E12.5)
TIMXX=TIMXX*(1/30a)
CrnT THUFE

*

iSTART=15

IFIN=6D
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P

60 ¢ as1
D 23 K=1y2
TIMXX=FLOAT(ISTAR ) *(14770)
TIMMMSFLOA® (IFINYIAC1e/30)
WRITEC(Gy 14)TIMXX o TIMMM
£q FORMAT(/ /91X oo FROM TIVE#9F?a39% TN "IME«oFT43)
NRITE(64+5) '
o5 FCRMAT(/4Toea X/Y EPRMayTLlI4e X/Y ERIPe 473244 X/Y CEIRMe,
ThZyge X/Y CFHAP%9TENge X/Y SERIMwTTag# X/Y SERRPwy
Ta59% X/Y SCFORMe,T1C294 X/Y SCFRRPe)

* e

"HE FOLLTWI":G CALCULATICMNS AT USED TO FIND "HE
AVESAGE LRRO-5 OVER A GIVEV PE’ICD
SET ISTAIT AHD IFIN FOXR THTZ DESIRED -AMNGE

NN No el

D~ 81 I=142
FiTM=0, :
E":’p:O.

CEP- =3,
CERvP=C.

ZER- Pz,
SERAM=0 .
~CE2M=9,

SCE~ Pz

D3 82 J=ISTALT oIFIN
EI“M=EFRMeXFMEC(T o J)
: EANP=ERrRP+YFPE(L 9 J)
QE? CETRM=CER : FeCAME(I s )
CERARP=CERCP+CNFEC{vJ)
SEFRM=EREMeXFME2(L o)
SESRP=LERFPXFPE2( oJ)
SCLRM=CAME2 (19 J)+3CE M s
SCEFP=ICEFP+CNPE2(I4J)
2 CONTINUE

EPBMZERYM/FL ATUIFIN=ISTART ¢1)
FIRFTEN=O/FLIAT(IFIN=ISTART ¢1)
CERKNZCEPAM/FLCATCIFIN=-ISTAIT 1)
CERRP=CE 4P /FLOAT(IFIN-1START«])
IERPM=SESRM/FLCATCIFIN=-I3TAIT 1)
SERAP=SEVFP/FLCAT(IFIN=-ISTAIT 1)
NCEAM=SCERM/FLOATCIFIN=-ISTART ¢1)
SCERP=SCERP/FLCAT(IFIN=-ISTART +1)

WRITECSe +3)F <P MyERRP ¢CERPMyCERIP 4 SERRMy SERP ySCERMySCEP
£3 FORMAT(LX9(5E14e5))
"y COMT INUE
TFANFRAMFSWGTe184%)ISTART =123
TFCLFRAMESeh” «183)IFIN=15)
COMTINUE
7 CONT INUE

[ =)

OO0 D
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. WTI'F FILST 78/74  OPT=1 PMDMP © FTN &4.F+564
S

3 DC 119 [=1+".FRAYES

o c TIME! IS THEL TIVE MINUS ARIAY SET FCR MULTIPLE PLOTS
S TIMEMCI) =FLOAT (I )=02

- IF(I. F@ o2 ) T I ME M I = 1.

m TIMECI)=FLCAT (D)

put
D

IF(I.EQel) 'IME(I)=1.001

MOTE THE CHROE: NF CUTFUT T3 TAPE
a

MEAM ERRIF AT MINUS X POS FILLOWED BY PLUS X POS

MEAN FRRGE AT MIANUS X PJ3 MINUS SIGMA FCLLOWED BY X PIS

YEAN ER?2(S AT MINUS X P23 32LUS SIGMA FOLLCOWED BY PLUS XPAS
MEAN ERROG AT MINUS Y PCS FILLOWED BY PLUS Y POS
MEAN ERQE AT MINUS Y POS MINUS SIGMA FCLLOWED BY PLUS Y ©9S
MEAN ERROP AT MIMUS Y PCS PLUS SIG¥A FALLOWED BY PLUS Y ©0S
MEAN BERRC? AT MINUS X CEY 223 FOLLOWED BY PLUS XCEN

FMEAM LCRECR AT MIMNUS X CEM PO3 MINUS SIGMA FOLLNWED BY PLUS X
MEAN EEBRD AT MINUS X CEV 203 PLUS  CSIGMA FCLLAIOMED BY PLUS X
MEAM FRREC. AT MINUS Y CEN PCS FOLLOYWED BY PLUS Y CEN

MUAM EPPOF AT MINUS Y CEN P23 MINUS SIGMA FOLLIJWED BY PLUS Y
MEAY ERRT™ AT MIMUS Y CEVY POS PLUS SIGMA FOLLAOWED BY PLUS v

WEITTEN WLITH A 6F12.5 RECORIS WHICH IMPLIES EACH PLATTABLE
SEY CF POISNTS CONSIST JF 1% ECOPDS WITH THE LAST RECOPD
ZuLy CCMTAIMNING 2 POINTS INSTEAD COF 6

WRITECL 91007 ) C(CTIMEMCTI) o¥VFMECL )T TIMECIDeXFPE(L9I))eT=1420)
WRITEC(LSLCOL) CCTIMEMUIDoXFUMSCLoId o TIMECI) W NFPMS(141)),47=1,20)
HRITECL910GC ) CCTIMEMCIVoMFUPS (Lo T D)o TIMECID o XFPPS 1o )y =1420)
WRITEC(L200 ) CCTIMEMOI) o XFVYZ (20D o T IMECID o XFPE(Z29I))oT=1,20)
WRITE(Lel10C ) CCTEMEMCI) pXFUMSC24I) 9 TIVECID o XFPMS(291))97=1e20)
WRITECL9100:) CUTIMEMUID)oXFUPS(24ID)sTIMELI) 4XFPPS(2410)91=1+420)
WRITECL19100:) C(CTIMEMCID9CMMECTIoI) o TIMECT)yCHNPECHeI) ) ol =1,920)
WRITECLo1GC ) (CTIMEMCI) oCNUMSCLoI) o TIMECID)+CNPMI(19I))sT=1420)
WEITFC(Lo100 ) C(CTIMEMCIYoCNMTSCL 9T ) "IME(I)GCHNPPS(19I))»7=1920)
HRITEC(L91000) CCTIMEMCL) oCHYT (29129 TIMIC(IICNPE(29I0)9I1=1,27)
WRITE(Le100 ) (O IMEMCI) 9CNMMS(241) s TIMECI) 9 CNPMS(201))01=1+20)
WRITEC10100°) (C/ IMEMCIDoCNMPSCZoID 9 TIMECI)wCNPPS(241))9 =1420)

OO0 0MNDOAOO0O000A0000 000 -

£rT  FORMAT(6F12.7)
SETUFN
£ 0
p ITRITY DETATL:Z NIAGN 215 CF P CBLEMY

K THEFE 2 MO PATH TG "HIS STATEMENT,
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JUTIRE FILPT

18/74 LPT=1  PVDMP

FTMN 4.2+554

SURZCUTINE FILPTCPFFR T oPFMET oXFPE2¢XFMED W MFIAMES s TIMPLJACTPL,

FILPLIFILPYLACTPY 9 TIMR)

FEAL TIMPLIAOC) oFILPLCSO0GC) 9ACTOL(A0DD »FILPY(400)4ACTPY(H00)

SEAL PFPSTO +NFEAMES) 9PFMST (R o NFRAME °)
HEAL XFME2(s 9yNFRAMES) 9 XFPZ2( 49 NFRAME ')
FEAL TIM- (250

JHIS SUBTOUTTHNE COMBINEZ SFP AXD PFM LAND YFME2

AKD YFPE2 Fi- OLAVTIMNG PURPOSE!
KlutiT=1

Kiun'1=1

Keynr2=3

K2ur~3=1

KCUuiTa4=l

rimM=c,

DY 1C I=1oNFYAMES
FILPUCKCUNT) = (PFMST(141I))

 FILPLIKCUNT ¢ 1) =(PFP3T(141))

KOUNT=KOUNT+2
CONTINUE

DT 20 I=1,LF"AMES
ACTPLCKIUNTL)ZXFMERCL 91
ACTPLIKALNTL 1) 2XFPE2(1, )
KCUSTLzKOUl " 1e2

CONTINUE

NG 3C [=1yNFTANMEY
iFCIeLTale5)6) TC &0
TIMPLIKNUNLT2)=TIM
TUIMPLUKIUNT241)=TIMPLUIKCUNT2) ¢ L,000001
TILMR(I)=" 1M
KQUMNT2=K{UN 22
TIM="IMe(l1a/30.)

6 77 a)

TIMPLCID SO,

Tit (1r=C.
TINPL(2)=,0C00001
TIN="IM + 1./50C.
CONT INUE

COMT INUE

D2 SN [=1+NF-AME
FILPY(KOUNTI)ZFFMC (2y1)
FILPY(KCUNLT3#1)=PFPSY (241
KOUNTI=KCU? T3e2

CONTINMNUE

DO /T 1=1eNFXANET

ACTPY(KCUNTR)ZXFME2(2,1)
ACTPY(XIU TA+L)I=XFFE2(2,1)
KTUNTA=KCUNTae2

WA
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Ta/7174 tPr=1

CIONTrNUE

FETU-N
ElD
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FMpVD
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CUTICE TrUTH

AN A0

nnnnnnnnnnnnnnnnnhnnnnnnnnnnnnnnnnnnnnn

%714 CpT=l prnoua FTM 4.,k¢554% IT
SUBADUTINE TSUTHIPHITHCD YT 9 493SIGDTHD )
DAL CHIT (v i) gQNC5g D ek e N)INCT (P2 42)4H(2e )
ACAL QD (5 :)
THE STATE SPACE MW DEL I-:
DEXDI/DT=FTaXDeBUSGTANT AND YD=He XD
WHFRE
. 1 3 Y n J n ¢ b4
: " 1 & n 0 0 Y 0 T
M n 0 -A 3 ¢ 0 \ 1] s
F'= H n 0 0 =3 1 n 0 0 .
H 4] a 0 0 -H 0 i) P
b 3 0 0 R n -A 0 ¢ :
M ) C 0 ] ' N -8 1 :
. G 0 n ] hi ¢ C -0 M
6=, :1 @ o 5 :
t 0 -1 1] 0 2
P | ¢ G1 n
s G 0 G2 Q
R 0 63 0
b ¢ 2 ~1 3
s C 9 0 2
: G 1] ¢ G3 ¢

Xi)= X7
YT
s X1A ¢
X2A
X3A
Y1A
< Y2A 2
s Y3A

THE SOLUTICY CF “HE DYYAMIC EQUATIONS 13

XOCI¢1 )= PHITAXDC(I) ¢ 3Q2T(QD)+UT

WHEPE PHIT=STATE TEAVSITINY MATQIX
I1GDT= ATMOS NOISE STANDARD DEVIATION
Wr= GAUSSIAN MOISE VECT?R
QD= COVARIAMCE MATIIX

WSTATE="




ry

g s e e
+ e .

™

WTEPE THUTH

an -~

0

A

74/14  FT=1  Punnp

K=e 26210258444 16GNT
™m=1.

A=14%,1%

Bz63%e5

DT 1 I=1yM27A'E

DO L Jz14NI7AE

FHIT(T4J)= o

NTDCIyJ) e
PHIT(le1)=CYP(=-DY/ D)
PHI' (24 2)=XP(-DT/ D) _
CHI(1s1)=1.
PHITU(292)=FPHI (1]
PHIT(343)=EXP(=-A*D )
PHIT(60+5)=DTaEXP(~=(«DT)
FHYT (59 S)=EXP(-Be«D )
PHIT(646)EXP(-A*D")
PHIT(Ty7)=EXF({-B2DY)
PHU (T :)=Di«EYP(~BeNT)

S PHIT(342)2FEXP(=BD")

FACT=(KeeZ)w(Ace2)a(Baet)
FAC 1=A-B

FACT 2zA+8

FAC™3=2.+H
GLl=FACT/(FACT1#4¢4)
G2=FACT/(FACT14#3)
G3=FACT/(FACT14#2)
Pl=le=EXP(~2.4A4DT)
P221,-EXP(-FACT2 ¢D")
P3=14=EXP (=~ ¢aRaDT)
P4=DTACXP(-FACT24D )
P5=0T«E XP(~244R+DT)
N0C141)=Coe
AD(242)=ADC141)
QD(343)=(GLla01)/(244A)

ADC344)=P24(G2/FAC 2+42-G1/FACT2)-P4+G2/FACT2

BD(595)=G2+P2/FACT?
DC6y3) 20D 3,4)

FTM 4.2+56%

GD(Qv4)=53~(Gl/FACfJ-Ri'BZIFACTS"2*2.'GS/FACYS"S)-
PS*(=G2/B+G3+DT/FACT3#24#G3/FACT3I**2)

30(4'5)=P3~(GB/FACTJftE-SZIFACT3)~P5*GSIFACT3

Q0C593)=00(345)
QDC(Z y4) =D (44 5)
QD (S545)=P2eG3/FACTY
D7 2 I=3¢5 :
D2 2 J=345
ADCT+39J+3)zQDC T o W)
CONTINUE
D “68 T=14¢
DY 684 J=1e¢ )
QADF(Ledd=NDCI*2¢d4+2)

CALL CHILY QP +5)

DT 69 [=1,4+k

D 465 Jzlo¢

NDC1+2,U%2)=QDF (1o V)

DY 5 I=1ly4

0C % J=1lyé
A0=0DT (1o dI=00CT 4 J)
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RUTILE

-

It v S N
PO

] r}
1 !
tr

o
‘s

TruT4

1: ¢7

L ads S s

T4/74

FOESAT(IY 9

D 3 i=1,2
D: 3 J=la
HI yJ)= &
H{lel)d=1e
H€ly3)=1.
H{ly8)=].
H(z2)=1la
H(2+6)=1.
HC(247)=1.

FYMN 4,9+455%

e

PETURN
£°'D
s
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Q*

L WTIrE
.J

OO0 AND 0000060 D

o0

an(

Ta/14 nPY=1 PMDM™. ’ FTM &, +564%

CUBK WTILE FROP(PHIT4QDR DT s He XT 9 ¥ T o s¥yUT4RDy
*TIMESOT o TRATE 9 X2 9 ¥N o ZC o VAN 92ANGT o TRAGE N9 NP oM SeEXUT
+HS1AJHSIHIHI 2AWHI 2By HSIAWHSIBs UMANEX ¢yRAVEX e TTMEX»CCSW)
REAL PHITC(MeN) ¢QDHICTC N g NI o XTCN9L) y YT M1 ) yH(MyN)
REAL TEMPL(rol) s TEMP2(291) 9 TEVP3I(2,91)
AEAL UT(241),8BDCE2)
NTEGER TRAGEM oNR oNC .
“EAL EXUTC297N D)o HSIACZUI) ¢ HTIL3C203)oHS2AL2C0) oHT2B(20D)
SEAL HS3AC2UC) oM 3IBIZCT ) ¢ YVAXEXC203)9RANEX(ZCO)
CEAL TIMEX(CZTO)9COASH(298)

THIZ RCUTI'E IMPLEMENTS THE STATE TRAMSITION EQUATION.
XTCI+1)=PHIT«XT(I) + QDO0NTsYN

WHE - E XT= STATE VECTOR (NX1)
PHIT= STATE TRAMSITION MATEIX (NYY)
QD>GCT= STATE UMCEFTAINTY COVARIANCE MATRIX (NX')
W= GAUSSIAN DISTIIBJITED MNOILSE VECTNR (NX1)

AMD C THE UTPUT EQUATION

YTzHeXT

HHERé- YT=MEASUREABLE 0JT2JT VECTOR (MX1)
H= STATE 79 CUTPUT MAXTRIX (vx')

PN e]

IF (TRAGENCCQ.2)G) "0 4&

<)
[y

¥DoT= ~1000. r

Y0O0T= 0.

7007= 0. '

XPOZ= X2 ¢ XDOTeTIME
YPOZ= Y%

ZPes5= 20

YTIME=TINME=-(NT/20)

IF(TIMECLTaZa2)GN T 510

YDIT= =1300e¢COZ(TRATEY(VUTIVE=2,))

Y072 10004 SIMCTPATEA(VIIME=2,)) ‘

XP0O5= X0=20"e=(C1C7 /TOATE) «SIN(TIATES(TINME=2.)))

YFC3T Yo # ((LO0JG/TRATEI«(1lo~CNS(TRATE#(TIME=24))))

ZPCS5= 10 :

CONTINUE

THCR ™ XP0Sea2 ¢ ZP(OSCase?

- ANGE= SHCR + YPOSGee

UT(Llel)= (=2ZPNGaXDOTH+XPCSa2ICTI/(RAY"«,07002)

RHOR= SQPT(FHI") _

UTC231)=(RH"aYDOT-YPN34((X 20SeXDQAT+2PIS«ZNCTI/RHIR) I/ C(RANGE
++,00002) '

ANGE= SQR™ (¢ ANLGE)

VIAXSSAPTAXD T#224YD )T aa2¢730Toe2) /(2 AYGF2,07002)

G0 T ALl

CONTTHUE
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NS APLELE
L '.; R L :‘.:
»

vvy-vf‘dr'-,rrr

DUTIME P-QP

aon

LV

404

411

o e
D
R1Y

412

4c7
40?2

ao0mMme0

747174 nPTz=1 PMpre FTN 4.54564

FEAD IN THE DATA FRCM THE EXTEINAL "APF
AXD STORE THE DATA F73 THE MEXT Uy

F(NTNESLIGT "0 402 :

SFADCDga YITEP QEXUTCL W NP ZEXUT(29MP) s VMAXEX(HP)
’ICOSV(NP)QPANEX(WP)'T[MEV(MD)

FOOMAT (L 49610845

'EAD(".,H-JIA('ID,'H IBCNPYGHS 24 NP) g HS2B(NP) sHSIAINC)Y yHS3IB(NT)

FORMAT(AELS. D) -

TEADCI g IXPL S, ¥POS2F0SeXDOT o ¥DNT 4 2D0Ts TFATE

FOPMAT(7ELG. )

HRITECH411)

ENEMAT(//9TLlyar FOAME® 371292 ADIT & 9T2Apv BOOAT ¢ oTAN g# VMAX#,

i1 94P0OLL ALGLE®¢Tgii g #CAIGFA 4T32, 6 EX TIMER)

WEITFCE98CO ) ITETQEXUT (Lo P) yEXUT (2 9MP I VMAXEXCNP) 9COSU( D)
* 32 ALEX(NP )y T L MEVINP)

FURMAT(L X3 T4+£E16495)

WRITECS4412) '
FCRMAT(TCyx H3I1A®9T21 9% HSLBagT359+HS2A# T4 9aHS2RBe9 T 63y
t% HS3AnyTTT9x H.3Be)
WPTITECG,80TIHS1ACNP) oHS lH(HP),*S’A(NP)vHoZB(NP)’HS3A(NP)'H>EB(N")
FORMAT(1X96F 14e5)
CONTINUE

UTCL oL )=EXUT(147°)
UT(2¢1)=EXUT(24%7)
YMAX=VHMAXEX((.R)
RALGE=RALEXC R)

COMNT INUE

CALL NDISEC EMPL i)
CALL MULTCGDRCATGTEMPL " yYglygTEMPD)
CALL MULTC(PHITeXTatipNelaTEVPL)
CALL MULT(BN,UTy592019iFMP3)
DG ! I=1,"
ATCI ol )=TEMPICIol) + TEMPI(IH1) ¢ “EMPI(Io1)
CALL MULTUI(HXT oMeligleyT)
RET'RN
Er'D
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m. P — o — S A AN i o s
[ /JUTINE ILITF . 74/74  (PT=1  PMDMP FTN 8.R+564
& '
& TUBKUUTINE I TFC(TAFsVARDF o VARAF)
a C
- c . .
C THIS ROUTINF CCHTRCLS IMPUTING VALUES NEEDED FCR THE KALMAN
C - FILIEY
C .
c

AF=.07072

THIS I3 THE CORPRELATIIN TIME FO3 THE ATMO2SPHERIC MNDEL FOR THE
- FiLYER

THE VAZTANCE OF THE DYLAMICS FOR THE FILTER

OAO00aMNO0NN

REAN(S92)YASDF
WRITE(H 9 1)VARDF

1 FORMAT(LI X9 aYARPIANCE CF FILTER DYNAMICS#sE18,.5)
WRiTE(Ge3)

3 FIP“ATC(1Xy#VAPIANCE GF FILTER ATMISPHERICS#)
: FEADCS,Z) VARAF
2 FORMAT(FT74n)
c
Cc .
c THE VARIANCE CF THE ATMOSPHE?IC JITTER FCR THE FIL"ER
c
c
EETURN
£ D
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. AWWTILE FILTE S 78/74 CPT=1 FwDMP FTM 4,-43564 10
k.-
t SUBZRUT (ME FILT L RUTDF s YAIDF ¢ TAFJVARAF 47 gPHIF 4QFDy N7 )
. . PEAL PHIF(3, ') 92FDC9S)
S IMTEGER "~
Cc
C THIS SURROUTINE DEFINES THE FILTER STATE TRANSITICN
N™ 1 I=2148
D™ 1 J=1le2 .
DHIF(T+J) =3
QFDCIeJ)=0
1 CONT I%UE ' .
C

PHIF(lye1)=1.
PHIF(1y8)=D"
PHIFC(L»R)=C DF 2 e2)« ((DT/TDF) =17+ (EX" (=D / DF)))
EHIF(2+45)=1.
»' PHIF(294)=PH F(143)
! SHIF(296)=FHIF(145)
- FHIF(343)=1.
- CHIF(392)=T0DFe(le=EXP(=DT/TDF))
THIF(440)=1.
PHIF(448)=FHIF(3,45)

L! FHIF (545)=EXC(=DT/TOF)

» PHIF (6 ¢6 ) =FHIF(595)

r  PHIF(T4T)ZEXP(~-DT/TAF)

. PHIF(343)=PHIF(T,7)

” c “ATPIX(PHIF) AMD THE DISCAETE Y~IST COVA" IANCE
C MATHIN (GFD)

C’i NFDCL91)=((2«VAIOFATDF (D 2e3))/3.)~(2aVADF#(TDFse2)a(D"an2)
g +)=(4*VANF*( DFe«3)aTeEXO(=DT/ DF ) )+ (2¢VACDF#(TOFa=3)*)T)=VARDF«(
*TDFeag) e EXP(=2eaDT/TNF )+ (VAIDF#(TDFas4))
TFDC193)=C(VA“DF ¢« TOF # (DT *¢2)) +(2¢VARDFa(TDF 2« 2)aDT4EXP(-NDT/TDF) )+ (V
*AXDF *(TOF#43))=(2«VAPDF#(TDF*23)«EXP(~DT/TDF) )~(2 +VARDF« (T DFaa2)eD
*TIS(VARDF #(TDF a4 3) «EXP(~2,42T/ DF)) o »
AFDC1 951 =C=7 o« TDF «VASNF DT ¢ ZXP(=DT/TDF) I+ (YAPDFa(TDF*#2))~C(VARNF*(
$TOF e )aFXP(~2.40T/70OF))
OFDC(2432)=0FD(L 41)
AFD(7 94) =9FD(193)
. OFD(Z95)=CFD(193)
- QFD(391)=0FDCL 93)
e NFOC” 93)=(2. s VAFNFe " UFeDT)=(3ea( DF¢22) e VARDF)+(4ee (TDF¢#2) «VARDF ¢
. +FEXP(=DT/TDF))=((TDF «#2)aVAIIF&ZXP(=2,43T/ DF))
: NFDC39S5)=(VASOF+ IDF)~(2.+VARDF*TDF*EXP(=DT/TDOF) ) +(VATDF ¢ TDF «EXP (=2
*o2NT/ OF))
GFD( 49 2) 2RFNC2 44)
IFDCG6 %) ZOFD( 3 435)
¢ QFDC(H46)=0FND(C 143
: OFDC59 L) TIFUCL 95)
AFDC5S 93D Z0FNC343)

: . GFDCS 9 S)ZVAUUF o0l o =FEXF(=2.#0T/70F))
I NF0C92) =GFD(24A)
- QFNC>98)-QFD (4 46)
V. . AFD(=95)=QFD(Se3)
3 - GFDC7 4 TY=VAAF2{ 1l o=F XP(=2e«DT/TAF))
NFOC 9L)=QFDCTH7)

C

C WRITE THE MAT?Ix DEFINITI2YI T2 THE fUTPUT TAPE
. .'F("!"-.’.‘S-I)G;I‘T'! 20
4 314 .




WTIINE FILTES 74774 CPT=1 PMDM> _ FTMN 4.2#554 10

HAITEC(S59200) C(OHIFC(T o) sd=192)e  =1,)
FORMATULX sarHIF oo/ 9 (1X95F148,.5))
WHITE(S592G1) (C(AQFDCIsvJdsd=1e5)9 " =123)
281 FIRMAT(L1 U g/ /% QFD g/ o {1Xy5514e3))

~
[
™

27 CONTTINUY
CETUEN
LAY
0
I $

i Aats A
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C-uTIne P oaPF 74774  6PT=1 FuDpeP Fra 4.7456%

SURATYTI L © 0T (PHIF g AFDaP Py TF Uy XFT g XF "y ISe SUPFPHICHY)
SEAL THIFCO s )0 0FDC 93) 9PFP L 9= ) 9PFM(Ry7 ) g XFF (A) g XFM ()
TEAL PHIFT O o= )y TEMPL(=y ')y EMD2(0,%)

SEAL SVPFPCiy )

ISTEGER [CHG

THIS RLUTING IMPLESMENTS THI STATE TRANSITIOM
-FEQUATIANG FCH THE FILTER

XFC_+1)=PHIFeXF(])
PMzPHIF«PFP+HIFT +QFD

WHEFE PHIF=FILTER STATE FTRANIITIDN MATRIX
XF =FILTER STATE VECT™GR '
PFM =CfV FILTEY STATES MINUS
PFP =CaV FILTER STATES PLUS
QFD=N0IST CCVARTANCE MATRIY

PERFCEM FILTER STATE PROPAGATIIN

OO AAO0O0OANOANOATONONNN0O

CALL MULT(PH FoXFP o1yl 9l oeXFM)

CALL MUL “(PHIF yPFFo29R 929 " EUP]) s
D 1 [=143
DY 1 J=1,#
PHIFTCIydI=FHIFC(Js1)
1 CONT [ MNUFE
CALL MULT(TEAPL1 yPHIFT 359399y TEUP2)
r
C SAVI PHIFePFP+PHIFT FOR NFD FSTIMATION
c .

iFCICHQWWESL )G 0 377
N 376 1=1y-
0 376 J=1e*~
SVEFPCIaJd)="EMP2(14d)
376 - CONTINUE
317 CORTIVNUE

c WRITE(S+363)

36 FOAMAT(a TE%F2w) :

c CALL MP2IHT(TEMP29% 9% 413)
c  WRITECA¢375)

ARAT FCRMAT(+ QFD4)

-~ C CALL MPEINT(OFDeBer 910D

TF(NTeNESl) G2 T 378
c WOITE(G9371) (CFFPCLod) o=l o) gl zlyp2)
37! FORMAT (L X 9 ePFP ey /9 (1X9:E1443))
174 COoONT TNUE
DD 2 =1y
316
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LI Arie iren SaSl. SMEL SUEC IS RaEn gl A A Saae Mty v s i A g

.14/774 PpT=1 PMDOYW? FTN 44,75+554% 10/

NG 2 Jd=ten

BFMCI 9 JIZ"EM28T9Jd) +0FD(T 4 )
ConNTINUE
TF(MTMELL) 03 i 375
WRITEC(S9373) CCPFMCieJY)ed=19C)e7=19%)
FORMAT (LY g/ /790 PFMa g/ 4(1¥X95718,3))
CONTINUE
CETUN
£ 0

¢ | 317
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EaEzNe gl

WITH COVARTIATICE SCI)si=1e3. THE UPPER LEFY COPMLR NF THE RX®
" FCV IS DEFI'ED G DE LGCATION XeY MICPN=ADS

THE ILTELSITY AT EACH PIXEL IS DETEPMINED BY INTEGRATING ~HE

[NTENSITY 7F 23 EQUALLY SPACE) SPITS WITHIN THE PIXFL.

- T . —— .vT
.
ti WUTIME I'PUT S 78/75 CRT=1 PMO¥? F™  4,4+564%4 10
?$
o CUBRCUTINE [™PUTICINAX9S o XMAX 9N o X9V yDATASCEMXGCENY o YMAY,
:: ¢SIGMS 9 PA GED 2y RANGE W UT  VMAX 9 ASPRCyNUMHS)
u CREAL IMAXC3) 9SC12) 9 XMAXC(3) s YMAX(3)
13 CCHPLEX DAT AN )
> REAL SIGMS»FANGEDpRANGE ¢ VMAX 4 ASPID
» SEAL UTC241)
[ INTEGER CNEH
= Cc :
[ C - THIS RNOULTINE DETERMINES FIAL MODEL INTFNSITY AMD CE®TRATID
c VALUES FOR A% X3 PIXEL FOV. ZE20 PADDING IS ACCOMPLIZHED By
c CENTERI G "HE &x* PIXEL FrV WITHIN A NULL MXM SPACE.
- C THE COX~DI™ATE SYSTEM I3 AS DEFIMNFED BELCWS |
[ c
: C
C (c‘"‘?)...l.......‘..‘........
c . .
C . .
r . 1§ .
C . GA!:SSIAN .
C . .
C . - .
C. L] (X'Y)ooo..qo. .
¢ . « FOU o .
Cc - " - #e .
c * .......’ L ]
C R R R I Im
c
C
C THE MNTENSITY FATYEFN IG DZFINED TQ BZ 3 GAUSSIAN DISTRITBUTINN
C COF THTEGSITY (MAXCID)yT=1e3 LITATED AT XMAXCT) o YMAXC(IDeT =143
c PIXF
C
C
c
C

ZTGPV=3IGME~ (T ANGED/ ANGE)
PLVEL=SOET(UT(L el ) er231T(241)wn2)
SHTH=UT(241) /PLVEL

CSTHZUTC191)/PLYEL
SIGY=(le+(ASPPL=1)*PLVEL/YVAX)A3SIGPY

ZERG QUT Fov SPACE.

00 19 I=1,.

0N 13 J=1ly".

DATA(IyJ)=",

SUMez0,.

3UMY=G.

SUMAVG=",

LMz /2=

L=t /2+4

D7 1 I=zLMyLk-

03 2 JzLMeL®

AYG=Ce

DIV.DE FIXEL Led TNTO 2% <EGUENTS
D2 3 Klz1ly5 -
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74
71

e &

H.ﬁ

(]

- r

T3 T4/174 {PT=1 PMNDM? FTM 4,74359

D> 4 K2=1,F
DELY=S(I=2)e]l qC+(K1l=-1)2,T
DELAZ(J-9) el s+ (K2=1)s,

. XP=X+DELX

YRP=Y+DELY
CUI=(XP=-XMAX(1))+CS H
IXL=(XP=XMAX (1)) &SH™ H
CYL=C(YP-YMAX (1)) e«C3Z M
SYLSC(YP=-YMAX(L1) D) aSH TH
X1=Cxl+SY1 .
Y1=CY1-3X1 A
ANGL == oS o {XL/3IGVY)Iaa2e(YL/SIGPY)&2)
IF (CUMHL LERQLIIGE TO 70
CX2=(XF=XMAX(2))*CSTH
CY2=(YP-YMAL(2))sC3STH
TX22(XP-XMAY(2))2SNTH
CY2=(YP=YMAN(2))aSH"H
CXI=I(XP-XMAX(3))eCSTH
CY3I=(YP=-YMAY(3))+C-"H
INI=(XP=-XMAX(3))+SH™H
CY3I=(YP=YMAN(3))«SNTH
X2=CX2+3Y2
¥Y2=CY¥2-5¥%2
X3=CX3+S5Y3
Y3=CY3=-5Y3 .
ARG2==oS#{(XZ/3IGV) «e2e(Y2/SIGPY)ar2)
ARG =S ((X2/SIGYIaa2+(Y3I/SIOPYINn?) )
FXY=IMAXC(L)=EXPCARGL)#iVAX(2)«EXP(ARR2V+IUAX(IICEXP(ARGI)
53 YL M
FXY=IMAX(1)=EXP(ARG])
COMTIMUE

AVG=AVG+F XY ,

SUMY=SUMK+XFaFXY ’

SUNY=SUMYSYPAFXY

COMTINUE

CONTINUE

DATAC(LsJ)=AYG/2%.

HWRITE(S4107T) I9JsDATA(I W)
FOEMATUZ2X 9210 42K 9eE1247)

SUMAVG=IUMAVG+AVG

CONTIMUE

COrvINUE

CEMX=SUNMX/IUMAVG

CENY=3UMY/TUMAVG

IETUAY
€0

319

10




UTINE CCRPZL 14714 oTsl pPYDUD FTN 4,°+564

SUBADUTINE € 2701 (N gDATA9 TV LAT A XCEMNTyYCEMT 9 X oY TH3C SH,CIPIL)
CIMPLEX TMPLAT(24,424)4DATA(Z4,24)
COMPLEX TEMP(24428)

COMPLEX YWIUK(S?2)

REAL RDATA(2%4925)

EAL MAG

TMTEGER C2F- L

INTEGE %' (2)

YT "‘vr -

THIS SUBSQUT(LE TMPLEMENTS THZ CUORAELATION METHTDS IN
FREGUENCY DCMAINeIleboTHE FFT A“D PHASE CTRRAIELATIGN
METHGDe IF THE DIRECT METHND IS BEING USED SUBROUTINE

uNeNeNe X

"TFCCURRL «GT e 2)CALL CCRL2(NNGDATA9TMPLAT ¢ XCEMToYCEMT 94X 9 Y9 CORRL)
IFC(C"RRL «GT 2263 T2 20

CALL FOURT(DATANNg29=1919Wn3K)

DG 1 I=1+24

D7 1 Jd=192¢ :

TEMP AT o )I=CiMJGUTHPLAT(19J))*DATAC(TI s )

FC(CiRPLeMEZ)GN TN 1

KMZREALQTEMP(I’J))"Q
YMATIMAG(TEMF(I9J) ) en2

MAG=5QRT ( XM+ YM)

I .
o IM UPDER TO AVANID MUMEPICAL DIFFICULTIES THE MAGNITUDE
C IS CHECKED HEFDE THE DIVISION

TF(MAGeL T 5030G2R001)GT 7D 101

TEMPLIL o J)=TEMP(I yJ)/VAG
Gy T 1 ’
101 TEMP(IL sJ)=CHTLX(D a9l o)
1 CIONTINUE .
CALL FOURTU(DATASNNZslylelnPK) .
CALL FGUPTC EVvP o iNs291 492 9HIPK)
-C (F(CIRPLEQ.2)GD TQ 22
D 35 T=1y24
N 35 J=1e29%
TENMP(L9J)=TUMOP([9J)/ TS5,
NATACI#JI=DA A(TI9J)/%T6W
CaonTInNUE
CALL DISPLAY(244244,DATA)
CALL CHAQUAD(TEMP424)
C CALL DISPLAY(244924,DATA)
- 09 31 I=1424
f: De 31 J=14026
*‘ 31 FOATACT U= EALCTENPC(Lod))
. C WRITEC(S0112) (CRDATACIod) od=1924)9[=1424)
115 FORMAT(4CLIX y6EL 2597 )0/ /7)
{ CALL CEN'ED(XoYoTE“po259XCE%'0YCEHT9THPESH)
} C CALL DISPLAY(20,424,40ATA)
- 20 CONTINUE
;. A XCET=XCENT =&5
-
[
S
Y

~ .41

0w

YCENT=YCELT=o5
C WRITE(R9110) NCETeYCFLT
) B I FOPHATCL Xege CEMNTRRINZ(ogFTo29ngtyFT74290)e)
C CXCUAMSXCUMS(XCENT=XSHIFT)
C T YCUMZYCUM+ (YCENT=YSH.FT)
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. WTINE CIR3TL 74774 LPT=1 pupve FT* 4.9+554 10/
C YCUMZZXCUM2+ (XCENT=Y¥IHIFT)es?
c YCUMZZYCUM24(YCE I T=YSHLFT)as?2
1077 CONTINUE '
c CALL STATCUXCUMeYCUMeXCUM2yYCUYZ ¢NL)
TORETUSAN
£7°0
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- CUTITE €oTLE /14 9PY1=1 PMOSF FTH 8.:e558 10/
! N

&
. SUBRTUTTINE COPL2 (NN oDATAy " MO LAT o XCI " "y YCEMT o Xy Y9 CORPL)

TV

COMPLEXT PLATCZA024 s WOTK(37 )9 DATALD 4 424) ¢HOLDT(24,4204)

SEAL CGR024924)9Q0T(2092%) 02100209249 "EVMP(Z4928)4SU¥N(LTH1T)
TEAL VA(244524) oMEANT(28974)4VAT(24,248)

"EAL A(24,2%)

CNTEGER “N(C2)

THTEGER COF L PMAN g NMAY

[HTEGER PyQeF3 4N 3yM]

“EAL Q1902

INTEGER Q59+

“EAL MEA' D

"HIS 3UBSGQUTIME IMPLEMEMTS THE DIRECT COPRELATION METHOD:

s NoWeNa)

1=4

H LDI=0.
“DL=Ce
4D2=0e
ToTAL=0.
H7LD2=0.
SUMX=0.

UMY =0,
sUMA=O,

DO 31 I=1,24
DY 31 J=1924

= Y ACIsdd=n,
U;- . VART (I 9J)=0.
VACI»d)=Goe
21 CONTINUE
1'=0 . . . .
VB0, $
DY 26 I=1y917
D. 26 J=1417
TI=T -1
Ju=Jd -1
UM I ydJ)=" e
2% CONT INUE
D25 [=1924 1
L - D" 2% J=1+24
' HOLDTC . oJ)=THUPLAT (I )
CONT INUE

10 SNBSS~ fovai

ariien 4
B Y

v

o s
)
Y

(1]

aoN

CALL FOURTC(HTLOT 9MMN9e201 91 s HIRK)

D7 27 I=1e28 ‘

- D" 27 J=1427 _ :
HOLOTCL 9 JI=HILDT (T 9J) /575,

COMT INUE

-

. +HE MEA’t FO< THE DATA 77 CALCULATED 2NE TIMFE
THE MEAMN FL?2 THE TEMPLATE IS CALCULATED FN9 EACH PyQ VAL'E
THE VARIANCE CALCULATIONS A2E J%NLY PEQUIRED FOR "HE !
TYE 6-LEVEL QUAMITIZZEF

OO ON

N7 30 P3z5413
DI 30 Q35913
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.1.11

v

BAN C BOESORE > |

‘WITYE C°

O~

O w
(==

OO

= (N (A
o U

oo

[ ]
[

12:=

14/174 "Tz1  PMIU2? F b 4.4+364

Q=03 -1
REENES
D1 I=1yes
D 1 J=lye

ACP 9N APy QI+ A(REALIHCLDTCI*Psd*nN)))
TFACNARLGEN#IVA(P 3 D)= YA(Py Q) e ALALIH LOTU IoP yJeQ) ) s
SFOC letEo8)G0 T 121
BB+ (REAL(DA A(i+dsJ+3)))

TFUCLURAL «EQenIVAZVB(PEAL(NDATA(I+3yJeG)) ) an?
CINT [NUE

CONT ZHUE

YEAUT(PyQ)=A(P 400 /6840
IFC(CORRL<EQ4IVART(P4Q)I=SARTCAISC((VA(P9N)I/64.0)-(MEANT(P Q) x2)))
IF(1eMNESB)G: TH 122

MEATDED/ES ) .
TF(CIRRLEQAIVASND=SARTCABSC(VE/64.0)=(MEA*D*22)))

CONT [NUE ‘ '

Hl:ﬁ1+1‘

CONT INUE

TF(COIRLENQ.2)G2 TQO ~0

CALCULATE THE QUAMNITIZED VALUES JASED ON THFE MEA™
CALCULATION: FOF THE 2-LEVEL QUNATIZER

DG 19 N3=3,13

D3 15 P3=5,17

Q=93-1

P=p3-1

D7 1€ J=196 +
D216 I=1,8

ONT(i+PpJde9)==1a0
iF(REALCHOLD T(I+P 3deN)IGTe “FAVV(PQQ))O“T(I’P.JOQ)tloU
AND(I+39J+i3)==1,0
SFCGEALCDATACI+S 9J#+-)) oG NEAND))WD([*%.J*“)—1.<
SUMM(P s QI=ZUNMM(P 4RI *eNLT(I¢P 4 J+Q)«QND(I+84J¢8)
COMTINUE
CHECK FOF THE MAX. COPSELATION VALUE
TFOSUMMIP 4Q) LT TOTALIGO TC 21
PMAX=F
arav=q
TOTAL=SSUMM(F 2 0)
DT 3§ I=1le4
DY 3 J=len
CITCIePMAX s J*NVAXNDI=(QU (T ¢+PMAXy J+QVAX) QMDD C([*89J*R) ) /G440
CONTINUE
CONT INUE
CUNT INUE
G2 T0 89
CONTZ*UE

PERF . RM THE CALCULA?IGNS Frl THE A/-LEVEL QUANKTIZER
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H UTINE €raL2 78/74 CRI=1] penwep FTH 4.0e558 194

N

DY 17 25=235,1%

37 17 PS=Z41¢

HOl=".,

HNZ2="a

E=pF -]

1=N3-1 .

D 1. J=1ly°

D 13 I=lyd :

Mz EAL(HILY T (F a1 4Ged)I=HEAST(D3QVI/ VAR (Pe Q)
[FCNLlaGTe . )G3 "7 1.

NLI(ZePyJeQ) -1 '

7 DA

O ..n LABSLRN S e )
. ’ B DR

[IF(NlablTa=.eZ)AWT(I4F9J*7)==3,"
[F(Qlel To=1e4)QNT(I¢PedeQ)==5,7
GO "7 &2
a1 QMT LI *PyJ+Q ) =10
TF(QALleGT e @ )R (Ie%9d*0)=3,)
IF(OLeGTal e @)NTC +PoyJ*Q)=€s)
CONT I NUE

3
r)

A2 =(REAL(DATACI € yJ+-))=MEAND)/VAZD
"F(R26T 4Ual }GO ™0 ~3
R I RE LR ELE Bl W
IF(Q2el T a=Ce&)QD(I+39J*3)==3,0
[F Qe Te=ie)IND(I¢8 9J*8)==5,)
GY T3 Ra
°3 QLD(T+39d+5) =100
(FUQ2eGT 0 )N DI+ 9+ )=340
[IF(Q2.GTel 300D T+A9J*+2)=hR 43
-4 CONT Z2IUE ’
HDL1=HDL+QNTCi+P 9N ¢ J ) e a?
HD2=HD2+N",D (1 +P yJe48 )ae?

7 COMNT INUE

D7 3n I=1,3

ND: 36 Jdz=leH

SUMMIP 4 Q) sSUMMIP o QI+ (QYT (I 42 ,JrN)#ND(T+5 9J+RDI/SQRT (KDL 4 HD2)
36 . CONTTIULUE '
[F(SUMM(P 4Q) JLTLTAOTAL)GE "0 92

c
TOTAL=SUMM(P 99)
PMAX =P
AMAY =Q
H LD1=HD1
3 H LDZ=HD2
! ¢
i DY 95 [=1,8
: D9 J=leh
. COA(I+PMAN yJ*AMAND=(QNTCT ¢ PMAN 9 JEOAMAX) #LDCTI*R 9 J+2 DI/ (SQRT(HOLN
‘ : ’ s «HCLN2)) o
P 5 CONT INUE
P - 52 CGNTINUE
J 17 COMT INUE
. [ CONT IliUE
X CONT THUE

c. WRITECEWA2IPHAXIQMAX

324
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e e aeus

WTILE CGRL2

Hha

-

T4/774 apPr=l [ IVE]

FORMAT(L Xy*

D7 6 1=1,y2

. 6 J=1y2
SUMXZSUMX+FLUAT (I #PMAX)«COP (] ¢PMAY g J+NMAX)
SUMYSSUMY+FLUATCYEOMAX)XCIR(TI+O2MAX o J+QMAYD
SUMASSUMASCOFC(TI+PMAXyJe QMAY)

CINT INUE

XCENTIJUMX/IUNMAGX =B 1}

YCENT=SUMY/IUMA+Y=",0

CEMAV=#®yIGga OMA =€y 4)

FETU=N
END
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WWIIME CENTRD Ta/74 GPT=1 PnMpM2 ' FTN 4. +548

SUBRGUTILE CFMTRD(XoY9DATA 9 o XCENTWYCENT 9 THRESH)
COMOLEX DATAC( ")

THIS SUBSCQUTIMNE PERFOAMSES THE COXRELATOY THRF:HCLDIMG

AMAX==1,£30
DY 16 T=1lev
NG 14 Jd=let
AMAX=AMAXL1(A“AXsPEALI(DATACT +J)) )
SUMA=0.
SUMX=0.
SuMY=i; .
00 1 =1y’
09 1 J=ls™
TFFEALCGDATA(T 9J) ) LT THRESH#AVAY) DATA(I4J)=0,
SUMASSUMA+SEAL(DATAC(I»U))
SUMX=SUMX+FLOATC(JI*HREALC(DATA(I »J))
SUMY=SUMY+FLCAT(I)«3EALCDATACL»J))
XCE}T=SUMX/ZUMA #X=2,5
YCENRT=SUNY/ZUMA+Y~1.9
RET!.‘PN‘
END

-
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4 CUTINE CHAGJAD  T4/74  coT=]  peRwd | FTh 4.9455% 10

SURTOUT IME CHANYADC(DA ArM)
COMTLEX DATA( 97 ) g AVELe " AVF?2
N2 /2 '

Nn 1 [=1e

DC 1 J=1ly ~°

SAVEL=DA "ACJ)

DATACT 2 JI=DATA(L2¢T412+4)
DATACLIZ2+[412+J)=3AVT]
SAVE2=DA A(12¢]44)
DATACL2¢I 4 JI)=DATACTy1:2¢J)

DATACT¢12+J)=SAVYE2
- 1 CONTINUE
: RETURN
X EN
{
-
P
o
3 6
y

[: 327 N
P Y S S f - - A OOy S Y - s e A -~ o a P o n ao a J




j
1
1
y
1
1
1

WTINE SFOOTH 74716 FBTZ] PrOMd FTM 4,9835% 10/

SUBRDAUTTISE "2 THUDATASDATAGALPHAS s ITER AT)
CONMCLEX DATAC 9™ ) o SDATACN %)

THIS RJUTL € THICTHS FAW DATA ARIAY DATA USING EXPCNENTAL
SMOUTHI.Ge YEIGHTI!IG FACTOR ALPHA 17 USED 7€ GEMNFRAYE THE
SMIMTHED DATA 1N ARFAY SDATA. THE PARAMETFR ITERATIZTN [°
USED T DE £2MTNE THE REIGHTING FACTOR WHEN FEMWERP THEW
1/ALPHA ITEF{ATINNS HAVF BEIN ) VE.

A=la/ITER AV
IFCALLT LALPHAY A=AL"HA

o000

1 D2 3 T=1,y - .
012 3 J=1h :

3 SDATACL yJ)=A4DATA(I g J)+(1e-A)*3DATA(I +J)
DETURY
END

v rvery
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g uTnE cery 7%/74 0OPT=]  FMDM? : FTN 4.5e554 10/
,,.;
SUBPOUTINE “PTNCSIGVAH, o M)

DINMENSITHN “ (444548)4C(3)

DATA C/e3677 142631 9413534e10629025 17

. c ‘
;g Cc SET UP SPATIAL NGCISE CORELATION CCEFFICTIENT MATRIX
= C SUSTMG SECIND MEASEST MEIGHB2: CORLELA IOK.
- c ’
= c
- Cc C I3 THE ARFAY COHTAIMING THE NOMN-ZERIN ELEPMENTS
. Cc CORREZPOLDING TO THE DISTAMNZIES '9 NEIGHBTFING PIXELS.
C THE ARRAY VALUES ARC EXF(=-DISTANCE M PIYFLS)

3 C
}; C SIGMAB I5 THE DACKGRQUMD VARIANCE
3 C
. c P IS THE “ee2 RY Ma«2 COIRCLATION MATORIX

. C
:‘ '-:'45.2_
- DG 30 1=l

D) 30 J=1"
“Cied)=Cal

" 39 CONTIHUE
&‘ D2 36 [=1y.
b c€Iqsid=1e

IF (I+GE.64) G© TO 35
“CLylel)=C(L)
IF ([«GE«&3) G? TO 34
(I,1+42)=C(Y)
iFIIeGEe59) 67 T7 3¢
Cioletd)=r n)
IF(l«GEaT GG T 3o
‘(IeleT)=C(2)
iF(l1eGE«ST) 67 TC 36 ,
(IoI+R)=C(L) 4
IF(I.6EaS5) GO TN 36
"(LeT+52=C(2)
IF(IBEL3T) G 0 36
'{1e1+10)=C(%)
IF(l.6E«31) GO 70 36
“(IeyT+130=CC3)
IF(T.GFE.3C0) 55 ¢ 3¢
‘CTel#19)=C(4)
IFCIeGEe23¥) GO 70 3%
“tIsI®*l60=C(3)
IFCI «GF.48) GO TC¢ 34
VClele®17)=C(3)
IFC «GE<&T) GO TN 36
"CIel#1%)=C(5)
35 CONTINUE
0NN 37 I=14M
i(38 . =T9R2][)=9,9
F(Bal=7¢%el=-1)=0.0
RCAe[=69121)=0,0
IF (1.GFB) GO TG 37
(AN 9AeI+10:20,.0
“(Ralguele2)=CL0N
H(Hel=19nelel)=0,0
"(Hai=Te4*187)=C,0
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}

ANTEPE CPTN 72774 3PT=1 pPMpD“2 ' FTN 4.74351

CqUaleTy ale )=7.C
. Slanl=Gyiale )z
Lo 'F (1eGEST) G IO 37
((Balgds , +9)=0.0
“(3ale2aTelr)=nG0
S (lel=lytaTei )]0
TF (TeGER) G2 "0 37
(AelpinislT)=0,f
(4al 930 +]-2=,(

(Q¢]=1g.27#]17)=0.C -
37 CCNTINUE
! DY 35 I=lei
3

DY 35 J=bLe™
TFLGGTLH) 6 1D 3a
] 2CJeidz=(104d)
- 3= COMT ;UL

D) 37 I=1¢%

DU 53 J=leH .
3¢ Sl 9JI=SIGMARC (] 4 )

RETUEN
E'D

o

A4 D
. “l .,
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JUTIME N ISE
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76/714  OPT=1 PMDMP

SURRCUTINE L ISECdeh)
YEAL WCHD
LAz

FTN 4.8+554

1 DS 2 Izl

CALL GAUSS(IA.IfsVAL)

WC(I)=-VAL

TA=1Y

? CINTINUE
RETURYN
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ki WTINE SHIFT 74774 NET=1  EMDMD FTY §4.,7+504
: SUBOUT LE SHIFTC(DATASNINSHIFT ,YSH4IFT)
COMPLEX DATAC o) g TEIPL o TEMD 3y TEUP I, TE¥PA oFXsFXCoFYs*YC

C THIS RQUTINE IMPLEMF*TS A SPATIAL PHASE -“HIF~

c Il THE FREQUENCY DOMAINe THZ ARAAY DATA 15 AISUMED Tr 3F THE
e c XM ARRAY GF FHURIER TPANSTYIM COMPCOUENTS AS GEMERATED HY THF
_ (o TRAMTFORM POUTINE FCOURT, FOR EXAMPLE, FNT A AXA ARRAY NATA
i [
u C = eescecccccsccccmecrer et ecc et e e e s e e e
. (o L X0 Y0 C XU YC [ X2 Y)I [ X3 YO [X2s YO CX1e V& [
. C eeecscccccccaccae= e R e e
F! c L X0 v1 € X1 YU [ X2 Y1 € X3 Y1 [Cx2« Y1 [X1~ V1 C
) C LR Y el ittt etk R LRl L)
{ c C X0 Y2 € X1 Y2 C X3 Y2 [ X3 Y2 CX2« Y2 [X1le Y2 C
3 C .......................... - D - o —-—-— S P D A A -

r C X0 ¥3 C X1 Y3 [ X2 Y3 [ X3 Y3 [Xx2e Y3 CX1+ Y3 [

. C .................................................

E‘ c C X0 Y2¢[ X1 Y2+[ X2 Y24[ X3 Y2«[ X2« Y2#[X1a Y2«[

. emeececesesececessccccscccerccr s rc e e o o - - o w—m-

c L X0 Y1o[ X1 Yle[ X2 Y1a[ X3 YleCX2« Y1e[lX1lw Y1#(

C .................................................

c .

c PHASE SHIFYING IS IMPLEMENTED By MULTIPLYING THE

c FOURTER TPANSFORM COMPONENUTS BY '

c EXPCJsCoaPIC(FXaXSHIFT+FY*YSHIFT))

c : .

c CXSHIFT AND YSHIFT A2F THE SHIFTS IN THE X AMD Y COORDINA'E

c DIRECTIN®IS.

C

c .

7 FI23.1415%2654

DEM=FLOA" (N)
NCEMNT=N/2¢]
| DO 1 [=14NCEAT | 4
i. NN 1 J=14NCENT
FX=CYPLX(Cep=2e*PIa¢J=1)axSHIFT/IEM)

FYSCMPLX (Do g~ +Pla(I=1)eYSHIFT/DEM)
FXC=COHNJGC(FX)
FYC=COMJG(FY)
- FEMPL=0DAIACI»J)
# DATACI 9J)=TEMELECEXPUFX+FY)
8 IF(.EQs1) G~ T 10
TF(JeEQelel e s EQaNCFNT) GC T3 29
TEMP2=DA " ACI g M ¢2=4)

. TEMP3I=DATAC i#2=] 4V)

j TEMPA=DATA(N+2=[ ) '1+2=y)

‘ DATA(L 9 e2=0)=TEMP2aCEXP(FXC+TY)

- DATA(NS?=14J)=TENP3*CEXP(FX+FYC)
¢ DATA(MN#2 =1y *2=J)=TEMP4+CEXC(FXC*+FYC)
{ G? "7 1
#_ n TF(JeEQel+04aJeFEQNCENTY 60 "0 1
< : TEMP2=DAAC: o te2=J)

) DATACI ¢N#2=U)=TEMP22CEXP(FXZ +FY)
- GhH To 1
20 TEMP3IzDATA("+2=4J)
DATA(N®2-19sJI=TEMP3«CEXP(FX+F¥C)
1 CoMTINUE -
PETUUN
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e oy

MEOAMOAO0ANOOOANOANAOOOMONA00ANA00A0O00AOOCNANA0ON00NTAN0

T4/174 “P1=1 PHpvO FTN 4.54564 107

UBREUTIE FUOUTYCDA A Me WD T Yy IXTGYe IFOPMyUNPK)
FOR IMFY-MAT T2 COLTACT Y2, MAPK HALLER A3SC/AND /54524

THE COOQLE Y-TUKEY FAST FCURIFE2 TRANSFACM [N USASTI BASIC FrR™RAN

TIANSFOTMIKL 9K2 veee ) = SUFCIATA(UL 40U  yee o ) eF XP(TITIGH#24P T e N"T(~1)
“UOJI=1) ¢ (KL1=1)/7"NC1D+ (U212 2(C2=-1)/"1"1(2)¢+e0ad))y SUMMED FQ? ALL
Jle K1 BUTWEE™N L AKD 7 (1)e J2y K2 BETWEEN 1 AND “1MN(2)y “TCe
THERE IS NC LiFIT TO THE NUVBE JF SUHSCCIPTS. DATA IT @
MULTIDIMENMSICHAL COMPLEX ARAY J4NSE REAL AHD TMAGINARY
FARTS At AUJACE.T [N =“TCRAGEs SUCH AS FORTRAN IV PLACES THEM.
IF ALL [MAGI™ARY PAFT3 AFE ZEIDY (DATA ARE DISGUISED FEAL)Y,y SET
SFOM TQ ZERC TO CUT THE RUNNING TIMF BY UP YO FORTY PFRCENT,
OTHERMISEe [FO=™ = +1. THE LENGTHS "F ALL DPIMENSIONS ARE
STORED IN APFAY NNe OF LENGTH YOIM. THEY MAY RE ANY POSITIVE
INTEGERSy THu THE PSGGRAM WNS3. FASTER CON COMPOSITE IMTZGERSY AYND
ESPECIALLY FAST OM MNUMBERS 2IC4 IN FACTORPS OF TWN. ISIGYN IS +1
- =le [F A =1 TRAKIFQO®M 1I FILLOWED BY A +1 CNE, (0" A +1
HY A =1) THE OFIGINAL DATA ?2EAJPFEA®y MULTISLIED BY NTOT (=NV(1)e
Ke(2)eene)e TRAMSFORM VALUES AE ALWAYS COMPLEX, AND ARE PETURNED
IN AGRAY DATA, FEPLACING THE INPUTe 1IN ADDITICNe IF ALL
OIMERSIZ2NG AVE NOCT PCWERS 07 Tddy, ARRAY WIRK MUST BE SUPPLIED,
COMPLEY 7F LEMGTH EQUAL T2 THE LARGEST NON 2+«K DIMENSIOMNe
2THEPWISEy FEPLACE WGRK BY 7ERJ IN THE CALLING SEQUEMNCE,
NCPMAL FCRTRAN DATA ORDE=ING IS EXPECTEDs FIFST SUBSCRIPT VARYING
FASTEST. ALL SUBSCRIPTS BEGIN A" DME.

TUNPFING TIME I3 MUCH SHOYSTER2 THAYW THE NAIVE NTOQOT«22, BEI'G

GIVEL BY THE FOLLOWING FPIMJLA. DECOMPOSE 70T I(MTO

2aaK2 & JaaK? & S4aKS & oe0e LET 3UM2 = 2aK2y SUMF = 2eK3 + 52KS
* ees AD WF = K3 # K5 ¢ o000 THE.TT“E TAKE' BY A MUL [ -
DIVMENSIONAL TRANSFCEM ON THZSI NTOT DATA [S T = Y& + NTNTa(T: e+
T2+5UM2+T345UMF+TAeNF) s 2N THZ CDC 3307 (FLOATING PCINY ADD T"IME
OF SIX MICRCZIECONDS)y 7T = 33N0 ¢ NTCT(520+43eSUM2+GRRSINF+
S2Ce!.F) MICACSECJNDS CN COIMILEX DATA. IN ADDITINN, THE

ACCUZACY [S GREATLY IMPROVEDse AS THE RMS PELATIVE ERR(QS3IT 393923
BOUVDED HY 34242 (=-A)+SUMCFACTOI(J)*+1.5)9 WHERF B IS THE NUMBER
TF BRITS Ifl THE FLOATING FITINT FRACTION AMD FACTOR(JY) APE “HE
PRIME FACTCRS OF NTCOT.

PFGGRAM By “MURWMAY BRENNEC FROM THE BASIC PRPOGRAM By CHAILES

PADEP. 7TALFH ALTER SUGSKESTED THE IOFEA FN? THE DIGIT REVERSAL.

MIT LINCHLM LABORATCRYy AUGYST 1367 THIS IS THE FASTEST AND MAST
VERSATILE VE?SIOH OF THE FFT KNJUWN TQ THE AUTHOR, SHQFTER PO~
GRAMS FOUPL AND FOUR2 RESTIICT DIMENSIIN LENGTHS TN POWEPS IJF TWO.
SEE=-- IEEE AUDIN TRANSACTIONS (JUNE 1967)y SPECIAL ISSUE ON FFT.

THE DISCSETE FLURIEP T2AMSFIRM PLACES TH?EE RESTRICTIONS yPON THE
DATA. ‘

1e THE NUMBFR COF ['oUT DATA AYD THE NUMBER NF TRANSFOYM VALUES
MUST BE THE "AME. -

2 BNTH THE INPUT DATA AND THZ TRAMSFIRM VALUES MUST EEPRESENT
EQUISPACED POIMTS IF THEIR SPECTIVE DOMAINS OF TIME AND
FRENUENCY. CALLIMG THESE <SPACIMNGS DELYAT AMD DELTAF, IT MUST BE
TRUE THAT DELTAF=2«P7/(%"(1)*DZLTAT). NF COURSE, DELTAT NEEN NCT
BE THE SAME FOR EVEFY DIMENSIOIN.
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747/74 CPT=] PMDMO ' FTN 8.,%4554 137

Je COMNCFEPTUALLY AT LEAST, THE INPUT DATA AMND THE TRANSFNAM JUTPUT
YEPRESENT SIYGLE CYCLES UF PTRIODTIC FUNCTIONS

EXAMPLE 1o THREE-DIMENSIONAL FJIIWARD FOURIEP TRANSFCRYM ~F A
COMPLEX ARRAY DIMENGIONED 32 8Y 295 BY 13 [N FOOTRAN V.
DINENSICH DATA(32425+13)9H0IK(33) 9NN

COCMPLEX DATA

DATA NN/32925413/

DU 1 I=1e32

D1 Js1425

DT 1 K=1,413

DATA(CL vJoKD)=CCMPLEX VALUE

CALL FOUFT(DATA.NH,3'-1'10H¢PK)

EXAMPLE 2. NE-DIMENSICNAL FIIWARD TRANSFCYM OF A REAL ARIAY OF
LENG™H 64 IN FbRTRA‘ ite.

OIME* SICN DA AC29K8)

07 2 [=1e54

DATA(L oI )=REAL PARY

DATA(2,I)=Ce. '

CALL FOUFT(DATA364919-19Co0)

DIMENSIOCN DATACLD) oNNC1) pIFACT(32)4HORK(1)
CDC w600 ’thIALIZAT'bH
WRITE (6y500C)
WE=0 e
Wl=0e
W3TPF=0e
WSTPIz=0.
THOPT=6e42831..9307
IF(NDIM=1)3209141
“TQ" =2 .
DC 2 IDIM=1e"DIV . ¢
IFCILCIDINDI 20922042 )
HNTOT=NTO T «NLCIDIR)

MAIN LOOP FOF EACH DIMEMTICON

“pl=2
03 31C IDIM=iMDIV
ENNUIDIN)

NP2zt Ple
[F(M=1)39204-404S

FAC IR

Mz
NTWO=NPL
F=1
iDIlv=2
IQUaT=M/1ID1LY .
IFEM=M=TIDIV*IQUOT. v
(tFCIAUCT=IDIV)S5Tellnll

WTHCENTUI #MTHG
M=IQuOT
GG TC 10
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WYILE FUURT 74774  OPT=1 PMOM2 T aaeessa or
M2 Div=3
30 IQUET=M/IDIY

IEN=M=-TIDIV-1QU)
IFCIQUOT=-TI0D{Y)Anle31431
3 'TFCI-EMI4N 32440
X2 IFACTCIFY=IDTIVY
{F=iF+1
M=IQUOT
GG " 30
4D :DIV=INIVe2
Go TR 30
50 TFCITEM)G 099 060
51 DTWOSNTWL+NTRO
GG 'S oo
iFAC (IF) =M

(9]

IEFAATE FOU2 CASES-- : '

1. CUMPLEX T2ANSFCRM 03 TR_ TRANIFOFM FOP THE 4TH, 3THeETC.
DIMENSINNSe

2. REAL TFAN3IFOR™ FOF THE 2¥D 02 390 DIVENSINN, ME"H- D--
TRAMSF3RM HALF THE DATAe SUPPLYING THE OTHER HALF BY CNN-

JUGATE SYMMETPY. .
JUGATE SYMMETRY,

3o REAL T2AKSFORM FCR THE 15T DIMENTIMNe N CDDe ME™HIN--
TRANSF2RM HALF THE DATA AT EACH STAGE, SUCFLYIG THE OTHE:
HALF BY COMJUGATE SYMMETRY,

%« REAL TPANSFORM FC® THE 137 DIMEMNZIOe N EVENe ME-HOOD-~
TRANSFIRM A CCMPLEX AFAY NOF LENGTH II/2 WHCSE REAL PAQ™S
ARE THE EVEN UMBEFED REAL VALUES AND WHOSE IMAGI‘IARY DPARTS
A?F THE ODO NUMBESED 2FEAL VALUES.  3FPARATE AND SUDPLY
THE CECGND HALF BY COUYJYSATE SYMMETRY, '

9 va. A e o i, T

o

W OO0

=

SAN2NPL e (NPZ/ETUN) é
ica €=1
IFCIDIM=4)T145Cy 70
71 IFCIFDiM)IT2,972 420
72  ICA'E=2
TFCIDIN=1)2T7345735930
73  ICA E=3
IFCHTMO=SP1)CyI0eTa
74 ICA-E=%
STUSSNTWC /2
h=h/2
NPR2zP2/2
NTAT=NTA ™ /2
t=3
NS NE Jz24NT0Y
DATACJI=DATACD)
£0 I=.+2
9 I1FNGaNF L
TFCICASE=2)1r097541C0
=5 [LRAG=NPO« (1 +HPREVZ2)

AR £ o ane e 2n e g .
pg 4 A v .

e
c
o SHUFFLE N THE FACTCFS CF TW) IV YNe A3 THE SHUFFLING

c CAL HE ONNE Y SIMPLE !MTEICHANGE, I WOPKIMG ARRAY IS NEEOED
C

1

Ui [FCMNTWO=-*PL)600960600117
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..
e

Y

JTIME FUOURT

113

J2¢

340
350
320
372

419

73774 NoT=1 FHNNM2

NIP2HF=NP2 /2

J=1
NC 100 121" P2yt 22
IFGJ-I2)120413C,130
IIMANST2 e MG =2

00 129 Z1=I2411MAX 2
DY 123 1321140737 0F2
J3I=Jdel3- 2
TEMFS=DA " A(. })
TEMPI=DATA( %+}1) .
DATACII)I=DA A(J3) '
DATACIZ+1)=DATAC(JI3+1)
DATA(J3I)=TENMFH
NDATA(J3I+1)I=TEMP]

M= ZHF
TFC(J-"1)150+1504185
J=Jd-

MM

TFIM=NOMN2)150 91839180
J=Jde

FTN

4.5+154%

MALR LOCP Foi FACTCGRS OF TW0Qae PERFORM FCURIER TRANSFORM™

LENGTH FCURy WITH OME 7F LENGTH TWC IF NEEDFDe.
WoEXP(ISIGN24FL«SQRT(-1)2n/(42MMAX) ). CHECK FOR

AND SEPEAT FTR WTISIGNaSNAT(-1)4CONJUGATE (W) .

HOM2 TN e N2

IPAT =NTHI /NPT
(FCIPAT=2)3509330 4327
IPAR=IPA: /4
GO "¢ 31T
DG 340 T1=1s:1 NGe2
D3 330 J3=I14MON2yMNF1

DC 340 KLl=J3eHTSTetgN2S
K2=K1+¥ N2 :
TEMP==NA " A(K?Z)
TEMPT=0DA A(K>+1l)
DATA(K2)=PDATA(KL ) -TEMP
DATACK2*1)=DATA(KL+1)=-TEVMP]
DATACK1) =DATA(KL ) ¢ TE®PR
DATA(KL +1)=DATAC(KL+1)*TEMD]
MMAX =N SND
TF(MEAX=MF2HF) 3T 96L 595010
LMAX=MAXC (NCII2T 9 NMAXZ2)
IFCMMAX=2ON2Y403 94050330
THETA==TWCPI «FLIATC(I PNZD)/FLDAT (G e MMAX)
[FCTTIGHY40C 9390 432C
THETA==THETA

" WR=CJISCTHETA)

WI=ZIM(THETAY
WOTPE==2,0Wl e’
WSTP1=2s ¢WR* W]

Dy S70 LN 2o LMAX e GNTT
Mo '

TF(MYAX="C0NZYa20 984204410
W2R=WReWk -W[ oUW

W2T =20l oM

336

THE TWIDDLE FAC™ "R
W=ISIGY«3Q?7 (-1)

10
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v, ¥, ey

AT e ]

LTIHE FUURT

21

- 430
43¢
45 ¢

4672

are

4:7

. s2¢

78774 TFT=1  PuDM®

WIR=WIO WE =y " T w4 |
WSI=W2Ga T e[S

DN 330 T1=le 1 NGs2

ND S30 JI=I100N2ef L
KMIN=J3+IPA: oM
TECMMAY=0MT )G 37 44370 9400
KMI" =J3

KODIF=TPA ™ «4*Ax ' "

KSTEP=4«KDIF
DY 220 KLlzM{%e"TOY K-TEP
K2=K1+KD F
K3=K2+KODIF
KAa=KI3+KDIF
IF(MMAX=-2INZDAGT 0860 9440
ULR=DATA(K1)+DATA(K?2)
UL'I=DATA(KL+1)+DATA(K2+1)
USR=DATA(K3I)+DATA(KS)
U2I=UATACK3I+1)+DATA(KS+]1)
UIR=DATACKLI)-DATA(K:)
USI=DATA(K1+1)-DATA(K2+]1)
IFCISIGM) AT 08754475
UAR=DATA(K3I+1)-DATA(KA+1)
USTI=DATAC(KA)~-DATA(KS)
63 YO 51¢C
UAR=DATA(K4G+1)-DATA(K3I+1)
UGI=DATA(K3I)~-DATA(KS)
GO ~ 519
T2R=W2R«DATA(K2) =W2T+DATA(K2+1)
T2L=N2R+DATA(K2+1 )¢ WH2[eNATA(K2)
TIR=WR*PATA(KI)I-UWI*DATA(KI+1)
TIT=WR*DATA(K3I+1)+UI*DA A(K])
TEI=YIR*NDATA(KS)-HI[+sDATA(KO+]1)
TAI=W3IReNATA(KA+1)+UI[+*DATA(KY)
UIR=NATA(KL1) ¢~ 29
ULI=NATA(K1e¢l)+7 2]
U2R=T3R+r 4k
Y2L=73[+" 4!
U3R=DATA(KL1) -~ 23
USI=DATA(K1+1)=-"21
TFCI-IGNh)A%7 65009520
UAR=T3I~-"4]
usf=rqa-" 39
GY T Sin
UsR=T4[-"3{
UsI=T3IR~" 4R
DATA(KL1) =ULR+U2?
DATA(KL+1)=UT]+L2]
DATA(K2) =U3K +UAas
DATA(K2+1)=UST+L3
DATAC(K3I)=UL? =U2R
NDATA(K3+1l)=ULI=-U21T
DATA(KA)=UIR~-U4R
NATA(KG+1)=U3II-UAIl

KMINZGa (KNI =d3)+J3

KDI{F=K3TEP
KDIF=K3YFP
[FCKDIF=-1.P214509530953C
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UTINE FCURT T4/74  CPT=1 PMIMD FTN §4,54554

93¢ CONT INUE

Mo MMAX=-M

IF T7IGN)S4T 9553557
€4¢C TEMPP=YR

WR ==WI

WI==TEMP::

GO "0 560
55¢C TEMPR=WR

WR=U{

T HI=TEMP .

e IF(M=-LMAXD)DAS 95659410
84,% TEMPR =WE

AN NANN

570

n
et
[p]

15

e2n
P

L3N

63

HR=W- aWSTPR-WIaWSTPI+W?
HIZWIAUSTPR+TEMPI #YSTPI+WI
IPARC-3=-1PA"

MMAN=MMAX+MMAX

Go T 3=0

HFAIN LQD® FO= FACTORS NCT ZQuaL TO TWl. APPLY THE TWIDOLE FACTHR
WEXPUISIGN»Z#PI#3QF T (=1)4(J2-1D)2(J1=J2)/7(*'P2«[FFPL1))y THEN
PERFIRM A FOURIER TRANSFOIM CF LENGTH [FACTU(IF)y MAKING ''SE OF
CCNJUGATE SYMMETRIE®. :

IF(NTHO=-MNP2)K054 7004700
IFP1=NON2

(F=1
MPlHFzNPL /2
IFP2=IFP1/IFAC (IF)

JLRG=NZC :
TFCICAZE~3)412481149612
JIRNG=(NP2+IFP1) /2
J2STP=NP2/IFAC’ CIF)

J1362=CJ2S P+ FP2)/2 4
J2MIN=1eIFEQ
IFCIFPLI=-412)51546080 9440
DN 835 J2=U2MTNeTFPL,IFE D
THETA==TWOPI«FLIAT(J2=-1)/FLIAT (}D2)
IFCI IGMN)623962)4962C
THETA=-THETA
SEMTHSSINM(THE T A/2.)

W3TP ==2e#3 [ . THeSINTH
WSTPI=5I" (THE"A)
WRAZWETPA ¢l

WI=WSTPI

JIMIt=JZ+IF L

DT £35 JIZJIMIMGJLPNHGyIFFL

T1MAX=JL1¢01°1,6-2
DY 630 T13JleI1MAX,2
D2 630 T3=ILe"TN " yNF2
JIMAXSI3#IFPZ=NDY
D) A3C JI=T3+J3MAXILPL
TEMPRZDA ACJ2)
DATACJU3I)I=DATACUS) s MR =-DATACU3¢+1) o yI
CDATACUIS1I=TEMPI eI +DATA(J eV >
TEMP =N
WAI=WIAWITPR-Wi #W3TO[ 44T
WL STEMPReUSTPI WL «WSTPReW]
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h,..-th
Sy

T ‘5" '

UTI*E FUURT

(L 18

657

655

67C

675

)

78718  2FT=1  PMDNF

THETAZ-TWIPI/FLCATCLFAC (IF))
TFCL. IGH Y09 16458 46687
THETA=-THLE A
SINTH=SIN(THEA/2e)
WSTPr==24¢S] " "THe 3[M H
WSTPI=SIMN(THE " A)
KZTErR=2¢L/JIFAC (IF)
KRANG=KSVEC*» (IFAC  (F)/2)+}
D 678 [1= l,Al“‘G'L
D 5§73 TAI=[L g NTD o000
DN 640 KMIN=U K3 A”GvKQ Fp
JIMAX=IZ+J12MG=-1IFF ]
0. 6380 J1=I39Jd1MAX,FFL
JIMANSJL+IFPZ~-"RL
DN 620 J3I=J1l e JdIMAXHLPL
J2VAX=JI+IFPL~1FP2
K=KMI7ie(J3=Jdl1+(JL1=-1I2V/IFACTCIFII/NOLHF

IFIKUIY=1)6559655 4655

"Ul"*-ﬂ.
SUMI=9.
DO 660 J2=J3I»J2MAX G IFP2
SUME=SUMR+DATACJ2)
TUMI=SUMI+DA A(J2+1)
WORK (K)=SUMF
WORK ( K+l ) =SUMT
60 To 630
KCONJZK*2 e (M=KM{  ¢1)
J2=J2MAX
SUMF=DA ACJ2)
SUMI =DATA(J2+1)
fLD.R=0.
GLD =6
J2=J2-1FF2
TEMPR=SUMR
TEMBI=SUMT
SUM?I=TWCHR s “UMI=0LD3R+DATACY2)
SUMI=TWIWR® 3UMI=-OLOSI+DATA(J2+1)
CLDSF=TEMPR
ALD3II=TEMP]
J2=J2=-{F"2
IFCIZ=J3V6T546T54672
TEMPR =W aSUMS =CLDSR+DATA(J2)
TEMP =ML «SLMT
WORK(K)ZTEMP==TEMP]
WIRK(KCONJ) 2 TEMIRSTEMP]
TEMPOZUT eSU* T =CLOSTI+DATACJI2+1)
TEMPI=MWI e SUM?
WORK(Kel)STEVPReTEMP]
WORK(KCOMJ*1 )= TEMPR=TEMPT
CoNTINUE
(FAKMIM=1)6N5 96354676
WRZW3TPO+1l,
WIzWSTPI
GO T: 693
TEME T =MR
WA zW: aWSTPR=-WIsWRTPT o2
WISTEMPIeWSTIHIeN] eW3TPOY]
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WTILE Fryes 74774 cPT=1  pupuer F™" 8.7 6504

SNl N lR)

[

162
0z

7190

TUOW WP e 4K
IFC(ICASFE=3)" - ’o&éloE”Z
TFCIFPL={F2) .75y 0324452
K=l

I2MAXZ I3 ePE=-"11

D2 633 I2=]1347T2VAX " P1
DATACI2) =40 K(K)
DATACI2¢l )W “K(K+1)
K=K+

GY T &5

-
~

CIMFLETE A FEAL TRANSFC™M I% THE IST DIMENSIOMs N ODDy
JUGATE SYMMETRIES AT EACH STAGE,.

JIVAYZ IR+ [FP2=NP)
N2 647 JI=TIedIVAXMPY
JZHAXSJ3I+MNPZ2=JS3TP
DA €27 J23JTHpJ2MAX9 J23T
JIMAX=J2+J1762~ IFF2
S JICHJISIIHJENIAY Y2 STPR-J2
DT 62T J1=JZ2+JIMAX G IFP2
Kz1+J1-03
DATAC(JL) =WO" K(K)
DATA(JL*L1I=HCREK(K+1)
IF(J1-Jd2)62T963746%6
NDATACILICANIYI=WOFK(K)
DATA(JIC. U+l ) ==WIRK(K+1)
JICNJY=JLICHJ=-IFF2
CONT INUE
IF= Fel
[FP1=IFF2
IFC(IFPL=-NP1)TAC 4T7CO 4610
&
CIMPLETE A PEAL TRAMSFOCSM [N THE 1ST DIMENSIONe N EVEN,
JUGATE SYMMETRIES,

GO "C (90 Ce U0 93N0e?G1)sICASE
"“HALF=.:

Nt

THETA==TWIPI/FLOAT ()

IFCL IGHNITCR4TH2,4702
THETAS-THE’A

TINTH=SSINC(THETA/ 2 W)
WETPE==2aaST i THaSTIN' N

HSTPI=CIM(THETA)

WRSUSTPR+1e

HI=H?TPI

41 =
T JMItN= 2'~HALF-1

GO ™ 725

JIJMIL

DO 720 I=IMIT WHTOT et P2
SUMR=(DATA(II+0A AC(U))Y/%e
CIUMI=(DATACI*I)*DATAC(I*1)) /2,
NDIFF<(DATACI)=-DATACY) I/ ®
DIFTI=(DATA(I+1)=-DATA(J*1)) /2.
TEVPV o WRaSUM I+ MI#DIFP
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UTINE FOURT

12¢0

124
73°
731
733
747

747

1o

824

230

Ta/74 1Ptz pHpMC

-

TEMPISWI SUN I - T eNIF

DATACIYI=SU e TEMP
DATACI®V)I=DIFI+ ENF:
NATACY)=ZUM? =TEMP -
DATA(U#1 ) ==V FIs"EMF ]
JsJde' P2
IMILTIMI 2
JHIL TJ#pr =2
TEMPER =Y
WA W AWSTPR=-WIW TP I+ 42
WISTEMPLANSTOI ¢RI e W TP U]
TFCIATN=-UMINDITY0 9 T30 4743
TFCL IGH)T31 07600740
D 729 I=IMT! puTOT D2
DATA(I+1)==DATA(I+1)
FP2F 2402
LTAT=MTIQT T
JENT T T+)

IMAXZNTO T /21 .
IMINSIMAX=-22 " HALF
T=IMIN

Ga 7" 155

DATACJI=DATA(L)

DATACJ+1)==DATA([+])
=7+2

J=J-2.

IFC(I=-TMAXDITSC 97509750
DATACJI=DATACIMIN)=DATACIMIY+1)
NATACJ+1) =0,
TFCI=UY?TCe7.-Cel20
TATA(JI=NATACTD)
DATA(J+1)=DATA(I+1)
i=I=?

J=J=2 ’
TFCL=TMI )T1 917159765
DATAC(JIZDATACIMINI+NATA(IMI 1)
DATA(J+1)=C.

IMAY=IMI ™
GG U T43
NATA(L1)=0ATA(1)+DATA(2)
NATAC(2)=(: e
6l YO 333

CNOMPLETE A FEAL TRANSFORM F32 THE 204D
CONJUGATE SYMMCTOILE:.

CFCILRNG=-MP1).405450C,500
D) A3 (3=142TCT4MNP2
I2MAX=TI3+MP2=MF]

D2 BA0 I2=I3972MAXe"F1
IMIN=I[2+11°G
IMAX=12+t.P1=-2

CJMAXZ2 4] JeNPL=IMIN
IFCI2=-13012049209810

JUAX =JMA X MNP
TFCINIV=2)1%5(0 4590 498 3
J2JIAX NP0
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ii[*urrws FLURT 79/74  (FTzZ1 PuDMP _ FTH 8.84558

D2 %43 I=IMIIgIMAX2

DATACI)=NATA(Y)

, DATA(I+1)==DATA(J+1)

%tq 240G J=J=-2

> AS0 J=JMAX :

b DY IGO0 I=IMITsIMAXGIFO
NATACI)I=DATACJ)
DATACL+1)==DATACJ+]1)

per J=J-iPg

c .

c EMD F LOSP M FACH DIME*SICZN
A C '
i <65 NI
9 . ) ‘?p1='4:2

=1t NPREV=N

h €2 SETUTN
3 ‘ £.D

‘ALTY DETAILS  DIAGNASIS GF U CHLEW
b = - )
© : . DATA  ARRAY REFERENCE CUTSIDE DIMENSION BOUNDTa
T OATA  ARRAY FEFERENCE OUTSIDE DIMEVSIOM BOUND®.
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UTINE GAUSS 747174 TeT=1  PMDMO FTY 4,9¢%54 10/°

SURSQUT THE GALCTCTIAlIYSYAL)
THI : ROGUTTYNE CALCULATE A GAUSSTAY DISTRIBUTED PAMDIM VARIAILE
VAL MITH "VA“:-"4 A'D 3ITAVNARD DEVIATIZH=1. .

IA IS IMITTACIZED BEFC2FE FIPST CALL T2 ANY TDD INTEGER LESS THEN
19 DIGI™3 T™ LENG H. _

IY I8 GEYEYATRD AND SHIULD BE USED Fo= A ~“& THE “YEXT CALL O

YHI = [0y,

VAL=D,

D> 1 I=1e18 -

X=FANF(OUM)

IA=Y
NAL=VAL+ X

i 1 CoamTINUE

1 VAL =VAL ~He

f‘ ETLAN
! £ 0

OO0

Ty e

- ‘rv"Tv' AR AR AR I

P

A g
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S

Pt b P N A e nn
R 1

LU ash b o g mn | rear

o?

bt s

&Y

34
33

43
8%
af,

€C
62

UTIME Ih.vER T

10¢7

Pany

- L AN _aas e amas o T——— Al i e

T4/7% H2T=1  PrpH?

SURLQUT THE " VERTCAyMeNH IE)
IMFLICIT REAL (A=H,"Y=2)
DIMENSICN AC1)9B(1)
QEAL L1220, (128)
NS Q=N
DN 1000 I=1.,N7A
BCId)=ACT)
N=1.0
LK==
Dir 13 K=le -
K=K
L(K) =K

KDY =K

KK=" K+K
BIGA=A (KK)
DO 20 J=Ke™
i72=tis(J=-1)
DO 23 I=Ke™
1Jd=12Z+1{ .
IFCARSCBIGA)-AST(ACIJ))) 13,423,520
BIGA=A(IJ) ' ‘

LeK)=I

M(K)=Jd
conTINUE
J=L (K)

IF(J-K) 35935425
KI=K-%

D3 30 =1y
KIz=K[e.
H3LD==A(KY)
JIz=KI=-K+J
AKIYI=AWJIT)
ACJII=H LD
[=M(K) ,

IFCL-X) 45,4%, 738
JP=te(l-1)

DU 40 Jd=le

JK= Ked

JIiz=JP+y
SLD==ACJK)
ACUKI=AC(L D)

A(JI)=HLD

[F(BIGA) 8- 946948

D=re0
2ES =129

6" TC 1€9
D S5 [ =1

IF(I-K) 56+55450
IK=¢ K*{

ACIKI=ZA(IK)/(~HIGA)
CONTIMNULY
DO 5 I=1y

IK='K+!
TJd=I=*
D9 &5 Js=ly
1F(J=K) 62545462
KJziJd=IeK :
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4
h .
r';
Fi 'WTINE UVE?T . Te/74  (PT=1 PMOMD FTH 8.7e564

b

ACIHIZACIKI s ACKJII +ACT YD

COHTINGE

KJ=K="i

DC 15 J=1v

KJ=KJ+

TF(J=K) 70 75,79

70 ACKJIZA(KJI) /BIGA

- 75 CONTINUE

- D=N«BTGA

- A(KK)=1.0/8 GA .
SNTINUE

-
-

K=(K-1)
IF(X) 15041504105
I=L(K)
IFCI-K) 1224120410
JO= 4+ (K-1)
Jrzie(I=1)
D? 110 J=1e
C K TJIN Y
HILD=ACUK)
JIzJF+d
ACJKI==A(J])
ACJT)=H LD
J="1(K)
TFCJ=X) 100410041259
K=K~ '
No 1317 I=1,
KIiz=KIe+
HOLD=A(K )
JI=KI=-K+J
A(KT)I==ACJ]D)
ACJII=H LD 4
67 TH 10U .
DO 1052 I=l,yh.0
SAVE=ACT)
ACII=R(L)
B(IV=SAVE
CONTIMNUE
&L TURY
€D

€

(o)

l‘c_ l'."‘.‘jd s e

345

P . VY AP I W PNy P P G S U % - a




e Z0n N o A 48 A g e
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UTIPE MULT

19
BRIE
e

Taszla  2PT=1  FuDws

SUBPOUTIVE UL (A eilsbL oMo o)

REAL ACL o) 98BV L) yCUL o’ )

DO 300 I=1,t

D3 20 J=1 4’|

Cllyd)=r,

DT 10% INDEX =1 4™
CCIsdI=CUlaJ)tACLe T 0EX)eBCINDEX e )
CCHMTINUE
Can~IHUE
CRuTINUE
RETURY
£ D
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2 SUTTA ]|
g SJTINE CHILY
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N

124

RN

f

VT

&

Y
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72/ 74 237=1  PMOMA FTh 4.0 e504

SUBFQUTIME CHOLY CAWM)

THIS R2UTINE DETEPMINES THF
ROCT OF AN *.Xi; MATRIX.

A 1S THE 1FUT MATEIX AND A Y3
DIMEMSION A(H o)

DC 123 (=1,

D2 123 J=147
IFCABSCACT»UIDIaCTeleE~-"5) GO
CCMTINUE
02 129 I=1y' .

DD 123 J=1y’
ACTyd)=0.
RETURY

AC1412=3Q7 "CAC(L1491))

DG = [=24i
1M1 =1~1

DCe 3 J=lyell
Jrl1=d-1
SuUM=0,

IF(J.EQ.1) GO
D3 2 K=1y9d™1
SUM=SUM+A(T yK)2A(JyK)
ACTodI=CACL 4 J)=SUMI/AC(JHI)
SUM=T,

DI & K=1lye:mMl
SUM=SUNSA (I oK) 222
ACLI)=:SQFTCAC(T 1) =-5UM)

02 &6 I=1,"
I7l=lel

NG 5 J=[Fly.
ACied)=Co

LIWER 73[ANGULA" CHCLESKY SIUAE-

THE CHOLF. SKY SQUARFE~-RCOT MATLYX,

o124

03

FETUIN

END : 4
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74/74  227z1  PvNMP FTN §.9e554
SUBR SUTT"E FLTACTIMPL g A9B N 7AMES 9T Mgy tAYE )

[NTEGER I
TEAL BEMIM) yAC(MIM) o TIMPLCNIW)
DIMENSIGN NAME(SS)

THIS SUB”CUTIAE PERGFIRMS THE PLATTING CALLS SEQUIRED
"0 PLOT THE FILTER ESTIMATED RVS ERRTR3 VS.THE ACTUAL
E9RCH : '

HZENFRAME (&2
CALL SCALE(T IMPLsSes 291)
R(U2+41)==-41
RC'i2+2)=1.23
CALL AXIS(Qa 90 et HT IME(SEC) 9=F 9% 9D TINFL(M2¢1)TIMPL( " ¢2))
CALL AXTS(Ceple gl 3HERRORIPINFELS) 9130349 049R(N2¢1)R(N2e7)
+) . . ’ . .
CALL LINECTTIVPLIB 9241 9C o)
CALL PLY " (0esCevd)
A(N2+1)=R("2+1)
A(NZ2+2)=R(12+2)
CALL LINECTIMPLAG" 291 904C)
CALL PLC (=lev=1lep=3)
CALL PL3 (Re9Neel)
CALL PLD " (Reofe92)
CALL PLG (CeyEen)?
CALL PLO (Dol ar?2)
CALL SYMOMN(1aG95e593e1%9%AYE(T)90e936)
CALL PLC (Jeolend)
CALL PlLJ (l3erlev=-3)

LETHAY
D

—..-‘TT

1971




C3 B e e 2 COEMA g amnn e i S ThemnCEREN O Sk T T T — - —

LURIDUTTNE PLTROTINMY gAgReCey " TU1 g NFRAYE 4 TyNANME,
PR LIV YPTAWPTHIFTC 9P D)

THTEGER " IMy ' 1"l o FFAMESeIeXedp™? oCOUN”
CTEAL TIMOCNITLIYeACe 9 i FSAME ") g B4 g NFRAMES) ¢CUB 4 NFAMF ")
tEAL PTACKI'D) oPTBANIMLY oFTCCNLIML) 9P DI ML)

DIME L ICH KAYECAS)

THIS SUBRCUTINE PLCTYS THE MEAN S3ROFS (¢/<)CME SIGMA
USING THE DATA FEOM THE FILST 2OUTINE., THE MAMES
FOR THE ARRAYS WEPE OREVIQUSLY CTCIED "% ARRAY NAMF.

QOO0 N

T2EMFRAMET 42
ccutl' =1

~’,z‘.'"‘ —
oM

NG 20 JS1oNFEANES
PTACCOUNTIZB(L v )
PTACCRUKT+1)=A(I4J)
P R(JI=A(T )
PTCLJL=NC 4 d)
PTOCJI =C(T +J)
A CCUNT=CCUL T#2
. 26 COMT [NUE. ,
CALL 3CALE(P A 609N241)
< PTB(UFRAMES+1)=PTA(2+]1)
PTCO.FEAMES+1) SPTA(N2+1)
!,‘ PIDCNFRAMES+1)=P TA(N2+1)
A PTR(UFPAMES+2)=PTA(NZ+2)
FTCUFRAMES*2)=PTA(NZ+2)
PTDCIFRAVES+2) =P TA(*2+2)
CALL SCALE(TTMRy6esNFRAMES L)
- CALL AXIS(0esNey3HTIMECSEC) 9=950900nTIM  (NFIAMER+B),
l' : + TIME(NFRAVE S +2))

TV
i T
Lk : .

cs 2 Ate A0
P

CALL LIZECTIMN oPTB o 'FRAMES 91464C)
CALL PLD (Cevder?)
CALL LINECTINRPTCoNFRAME T 91 90497)
CALL PLC " (Ce90ae3)
CALL LINECTIMA 9yPTDoMFPAMET 9l 93097)
CALL PLI (=les=1s9-3) '

Y T ™
. L

CALL PLO; (2440092)

CALL PLRT (3406 e9p2)

CALL PLGT(0ee%092)

CALL PLCT(Qes0e0?)

IF(K.GT. 22161 TG 30 . .

CALL SYMBGL(1e095e50Ue15gNAME(C))0e040)
6D TN AQ :

CALL SYMHOL(8035e510 o159 %A%EC<) 50 e950)
CONTNUE

[~ W A

MOVE PEMCIL BACK TQ OQRIGIM

)
OOANN > W

CALL PLO (Ces0es3)
349

iiUr:Le FLIR 7a/14 28Tz Pup"d FT 8.7 ¢7554
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CALL AXT3(0eeCesl3HFAROO(PIXELS) 913940930 9PTA(N241) 4P A(N2+2))
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POSITION THD PELCIL FOR THE GEXT PLAT

CALL PL:T(15+0l09=3)

Ny Kl

‘ SETUSN
€D

'

Reproduced from
best available copy.
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Appendix E
Computer Software (Trajectory Model)

This appendix contains the Fortran source code for
the implementation of the various trajectories and the
multiple hot spot projection model detailed in Chapter
2. The trajectories and hot spot locations were
generated and saved on file for use in the computer
simulation given in Appendix D. The program was written
for use on the CDC Fortran IV compiler.
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TIAEC 16/74 TETTy BapMe F™% 8,:4954 164

FRIGCAM AR NDUT, L YreNY, TARI 3, TARPESS JUTPUT yDEBUG=YTAUT, TAPES)
“SEAL UTC:91) e WYHI2ACT ) o3V 122302329 SYHSSAC2D0) 9 SYHTIIT(2CT)

CEAL SVHTLAC STy eV IR 2T)

TEAL PULLUP

THTEGER (FTALE.

IMTEGER €3N L ULRLAYE

FET IIT=Y OYFOA PLOT OF THE TYTINSITY CEMTeEIgn IS DESITED
iT=a
XYY s gA50 72 AcF THE INTTIAL IVFITIAL CUTROUIMATES
$0T26530%

Y2=1300C ' 1
7= 000 .

TET COMNT = 1 FO2 THE 2G PYLLU® AMD CONTI'MUATICON MANEUVER
(TRAJUCTRRY )

-
(aNy)

5 CinN =2
- . .
o - C SET LPLANE = L FOPR THE TJT ©F DPLAYNE MAMEYYER
C (TRAJECT GRY &) :
“PLA" €22
C
D =C1e/3)e)
C
c TSTAST AUD TFIN 3ET THE TIWT Fnl A I2LL T7 START AND E%)
TSTAT =1%, _ : |
FI.":I’.. i
C ' : :
*FPAME~Z155
C .
c DISVY I3 (HE NESTKED DISTANCE IV THE EBX DIRECTION FRR HOT3PO”
(o GHNE IN METE®S 4
(o NISVE2 ALD 3 AYT THE OFF3IETS FY2 HAT3POTS 2 AND 3 IN THE
c CRY DIRECTI * 1% METER.
C
* DISY=el
NI3yp2=.1
DISYP3z=,1
:ME:CC
C .
c: SULLYP SETS THE TIMFE F23 THS PJLLUP MANEUVE? 7o STARY
C (TPAJECT KY )
' FULLUP=L" &0
c ,
(i IRATE STT3 CHE DEGFEE £F THI dULLUP “A‘TyUVER
C J-G:.Ql?ﬁoﬁ-ﬂzcﬂa?,d'Dl?-G:.??K
TPATEE04u197
c
DY 7 HA=1,0FRAMES
c.

yNOT= «5C0,
vONT= =300."
7007z 0.7 '
XPI5: X & «NTeTIME ' Reproduced from }
YPGL= YieYDTATINE 2vafable copy.
ZPONT Zi42D.TeTINE
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TLRAUTC 14774 MpT=1 PMOEP FTA 4.3435)

VTIMEZTIHE=(UI1/2,4,0)

[FCT TMEL TLPULLUPIGT 77 21D
FCCONT ET 3G "0 ")
IF(H=aLlTWLl00)G5 "0 71

IF (N eBE«10L)4DIT==79945")
TFUNF eGEL1CZ)YDIT=29.0F°
TF(NTEQ.107) "IMEA="T,

C THE X3 AYD Y. BELOW AE yYALIND =32 A 226G PULLUR AT Y=i.5 =1
c WHE?E THE TAYGET COMYINUES AT A CONSTANT VELNCITY AFTE?2 THAT PNINT
C
“0=1500ec
TC—.L.Z’”
XPOS2XN+NDBT # TIUEA
YPOSIYD*YDO|t’IWEA
TINMEAZT I MEA+D”
5D YT 12
71 CoNT INUE
TF(APLANESNE LY)GN TN T3
P T==1010 ea CRS(TOATF (YT IME=2,))
YOI 100 «®C . SCiRATE2(VTIME-2 ) )aSIN(TRAE2(YTINF=2,))
NG = -13'“.*(“IP(T9A Fa(UTIVE=2,))0e7)
xe GS'XQ-“ T e={CUINC /TIATEIASIN(TRATES( " [HE~-Z4)))
¥AC 3= 700(1093/(2'T&ATE)*(SIV(Y?A?E'(rIMEfZ.))iiQ))
200CC220=1000 a v (C(TIME=24)/24) =0 (1l a/ (%2 TOATE))eSIN(22TIATE( [NE-"
2.3)))
60 To 31%
T3 CoMT I NE
YU «l(02eeCHIS(TFATEC(VTIVE=24))
YOOT = 130 0e«510MC(TRAY FO(V""'-’.)) )
XPO3z XC=20u a=( (100 /ZTFATEY&SINC(TIATEX(TIME=2,7))
YPNs = ¥4 *,((IJOE/T”ATE)I(I--C)S(TQATE'(’IME-Z.))))
72 CINTINUE .
Pos: I ’ '
Il CGHNT (NUE ’
~HIET XPUSeaT & Z2PCSen
GE= THAGN & Y2 Sen
HTC 1ol )z (=2F0%eXDOTeXRQIa2I0TI/(RHC 1 2,007207)
EHCE = 2QIT I HN Y)Y
UTE291)=( H “eYDGT=YFRDS€((X20SaXDNT4ZPISZNOTI/RHAR) I /(7 ANGE
4,000
TANGE = S0°PT(-AMNGE)
VMAG=3Q T (X" T"’*YDQT*"07J’Y'*9)
YMAN=(VMAG)/ZC ANGE~CUC02)
CALL HGP O TC(H 1AWHS1RyH 2A¢HS ZBoH:3A.HS‘B.TSTARY'TF[N.T MF¢CI2°VW
¢ g XFD) oYPL T 200 5o XDOT o Y0OT 200 T4 DISV,NISYP24DISVP 3y
¢MIGLYHSIAGSVHIZB 9 SYHIIA P VHIIBeVYAG e THOT yRANGE 9SVHS 1A SVHS51B)
”ITP(JQ*)N”vUT(lol)vUT( 21) s WA X COASUIRANGE o TI“E
€9 FORMAT(I 446F 14, 5)
UITTFC oo H LAWHIIByHT2A9HS2B9H33AWHT 2
‘1 FLRMAT (55 14.,5)
WRITE( Ty #)XF T3 0YPOSeZPOS s XD ToYDITeZDNT4TRAF
LK) FrAMAT(TELG.)) -
] dRTTE (R ’)XP"?QYPO“;Zﬁﬁ eXINTeYDOT V200V, TPATE
42 FOPMATC(IXpTE LS,
PIME =T IMF <D ’
e CONTTIUR Reproduced from 9
c . best available copy
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TRCII TR 913 CALL PLTOCIYHS2A 3 SVHI23 9 SVASSAs CVHS IR o NFPAYE T 9 SYHS 1AL R
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C Ml AL A
D B R

UTItE PUTD T4 /74 £27=1  PNDW . FTM 3,°4554 | )

Q¢

SUBRCUTINLE PLIDOSVHT2A9"VH3IY39SVHSIAZSVHS 3R AFPAMESy3VA31 A SYHSLIR)

CEAL SVHT2ACL00) 9 SVHS52BC25C0)

SEAL 3VH33ACL03) 9 SVHT 38C200) A

“EAL SVHS1ACZCO)»SVHILBCZ22)443L01(500)4HSLD (600D
INTEGE® CTyn3

', =1 F- AME
CITNFRAME Ta 3
c =1

DG 17 D=1 ohFi ANE
H:LD(CTI=L-HILACTD)
HOLDICT#1)=SVYHZ2A(Y)
HOLD(CT+2)=5VHEIA(T)
HTLDIC(CTI=.VHI18B(T)
HTLDICCT+1 )= 5VHI2R(I)
HOYLDI(CT+2)=SVHSIRC(I)
CT=C +3
CONT JHUE
CCALL PLL . SCiapfesd)
CALL PLCT (10'10’-3)
"CALL SCALE(HILDe8 e 391)
CALL SCALE(H LDly%es 391)
SVHSZACN+1)ZHOLDC(: 3+1)
SVHIZA(MN «2)=HOLD(MN3+2)
SVHG-B (M e1)zHOLDL1C 3+1)
CVHSZ8GH+2)=H2LDY (Mi3+2)
CALL AXIZ(Re9ep2 iHP OJECTIIM IN THE AL HA AXISy
$ =27 984900 aSVHS2ACMN#1) 9 TVHZ24(N+2))
CALL AXIZ(7e97e92THF-CYECTINY 2N THE BETA A¥ISo
279840y 0a9p3VHI23Ciie1) S VHS23(Ne2))
TYH3TAC+1) =L VHS2A(e1) _ 4
SUHS IR (u+1 ) = TVYHS2B(M 1)
SYHSZA(i+2) = UHS2A(N+2)
SHHISB(N 2 )= VHI2B(.+2)
SYHZTAC «1 )= IDC3+1)
CVHITAMI#2)=HILD('3+2)
SVHIIBOI+1 ) =HTLDLI L 3+1)
SVHS LB 42)-HOLDL (L 3+2)

I
<D

CALL LINECSVHS2A9SVHI2B e  g19=19%) "

CALL PLC (De9rQev?) .

CALL LIVECSYHISA 3 SVHII e g1 9-142)

CALL PLS (CasCasd)

CALL LINECQSYHILAGSVHS Ly  yle=144)

CALL PLY " (=1s9=ley=)

CALL PLY (Bepdes)

CALL PLS (Feebhey?)

CALL PLD (Deshep2)

CALL PLOT(Ca 9" a9?)

CALL SYMBCLC1e7095390e159L7HINTENSITY PATTER 400017
) ' :

CALL PLYE

<ETH- Y
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b Bt

IRTUTINE 2 2 TUH I TAPHIIH e 45200 15280 HOISAGHI IB e TSTART 3 TF TNy " TME
R I NPT e YT a7 00 T W XD Ty Y NI T R Z00T 4 NISYWDISVPI4NTISYP I,
LA SVHSZA Y LYY B e SYHE3APSVHS TBe U MAG Yy THYR 4 P ANGEZSVHS1 A 30 4318)
TEAL SVHIZAC TV ) SVHIZHCETT2) 95V 3470904 SVAH33IRC203)
TEAL SVHILACC I ) o RVHTLBCETY)

N B
Fa: A
SGLL=

ET2 THE =ATE € TdEC CONSTANT 2 LU MANEUVER
3L OPOLL T JECY FALL=zl.2345
9

» s
b
[ ]

ALPHAZATANCZPAS/XPCS)
BETAZATAL (YRCI/THOT)
UXZ2ZUXDIT#s2¢2D0Taw2)
TAUX =502 T(VKZ2)
JINB=SINCRETA)D
CH3A=COT (ALY HA)
LINATITL AL HA)D
COoRzCH S (BE A)D

H31B=C(D SV/~ANGEI*((XD2TASIHBe(=-COCA))I+(YDIT«COASBI+(ZNOTe IR
B C=CTIA)))I)/CVMAG*»400N02)
HSLASCCDISV/Z ANGE D (XD " TaC=-SIVYA))I+(7D T+COSAI)IDI/C(C(UMAG))I*,20002)
F (TIMEGT.TFINIGO 'Q &3
TF (TIMEGLTLISTARTIGE N &)
COSH=COS(PLLLC(TIME-TSTART))
TINHLSIMCECLLeC(TIME-TSTAP "))
DPPY=SOOT(XDIT#244(YDRTaa2) e (XDI2Twa2)+(20(
XDCTae2) 4 (7D Tan2)) e (2D T#a2)a(YN0Tea2)e (7N " Tred))
51 T 61 :
SIMW=G e
Coiw=1le ‘ 4
nPPY=1,

L 4

SAVEAS((COIWe(=202T))/20YXZ) +((S1WsYDITeXDOTI/NPPY)
TAVEB (I INWSYDIT#200TI/DO2YDI+ (LTSN XINTI/SAVXZ)
DELAZC(SAVEA) *(~-"INADIS(CAVIHeZTTA)
NELB=(SAVEA«  [%B0(=CT A+ ((~YXZ72¢STWaC 3B)/DPPY)

T +(SAYEH  (NBv (= 1tA))

H32A=(((DISYHF2/PAMNGEYeDELAY/D2102)
HS2R=CCCDISVP2/7ANGE) e DE_H)/01332)
HIZA=C(CDISYF3/HANGEI«DE" AV /42312G2)
H33H=C(DISYP3I/AANLGE) «DE.B)/J2302)

SYHITA (- )=H 1A

SYHASIEB(NYIZH LE . Remroduced Trom

SVHS TAC&)=H A best available copy. a
TVHITB T )= 28
TYHS AR ) =HI3A
SVHSIB( S )=47 38
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Paul P. Millner was born on January 31, 1952 in
Danville, Virginia. He graduated from West Mecklenburg
High School in Charlotte, North Carolina in June 1970
and entered the United States Military Academy at West
Point in July of the same year. 1In June 1974, he
graduated from West Point with a Bachelor of Science
degree and was commissioned as an Army Air Defense
officer. Military assignments include: Vulcan platoon
leader and executive officer, 2nd Armored Division,

Fort Hood, Texas; Redeye platoon leader, 2nd Infantry
Division, Korea; Improved HAWK battery commander, 1llth
Air Defense Artillery Brigade, and instructor, Department
of Tactics, United States Army Air Defense Artillery
School, Fort Bliss, Texas. Captain Millner is a graduate
of the Air Defense Artillery Officers Basic and Advanced
Course. In June 1981, Captain Millner was assigned to
the Air Force Institute of Technology to pursue a Masters
Degree in Electrical Engineering.

Permanent address: 4226 Westridge Drive
Charlotte, N.C. 28208
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